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ABSTRACT 
A tidal bore is a natural event when the rise of water level at sea, for a large tidal range, is confined 
in a narrow funnelled river mouth. This occurs typically during the spring tide periods and is 
observed in over 400 rivers and estuaries worldwide. An analogy of the tidal bore is the positive 
surge, also called a translating hydraulic jump, which is characterised as a sudden rise in free-
surface elevation in an open channel, resulting in an unsteady turbulent flow. In the present study, 
the hydrodynamics of unsteady turbulent bore-affected flows were experimentally investigated 
using an array of two profiling velocimeters, sampled simultaneously. New laboratory experiments 
were conducted in a relatively large size facility. Extensive studies were carried out based upon the 
previous findings of LENG and CHANSON (2017a,b), in which an acoustic Doppler profiling 
velocimeter (ADV Profiler) with a fixed three-dimensional down-looking head was used to measure 
the turbulent flow characteristics in unsteady bore-affected flows. Herein, the present study 
introduces a new instrument, an ADV Profiler with a flexible three-dimensional head (Profiler 2) 
which was mounted in the side-looking manner and sampled simultaneously with a down-looking 
Profiler (Profiler 1). Ensemble-averaged velocity measurements were conducted using Profiler 2 
only, and an array consisting of Profilers 1 and 2 mounted orthogonal to each other. Present 
findings showed satisfactory performances of Profiler 2 in a highly unsteady turbulent flow, when 
mounted side-looking. The ensemble-averaged velocity and Reynolds stress characteristics 
measured by Profiler 2, alone and in an array, were consistent with previous experimental results 
using Profiler 1 and a traditional ADV system. The one-dimensional turbulent time and length 
scales in the transverse and vertical directions indicated that the propagation of tidal bores was an 
anisotropic process. The two-dimensional cross-correlation data in the y-z plane, formed by the two 
sampling profiles of the Profiler array, showed the existence of large scale coherent structures 
underneath the free-surface, resembling the shape of a hair-pin vortex. The length scales tended to 
increase during and after the bore passage compared to those during the initially steady flows. Both 
strain rate and vorticity showed larger values at lower water column near the channel bed, and 
during the rapidly-varied flow phase associated with immediate bore passage. In summary, the 
propagation of tidal bores is a dynamically-active process, with the existence of large scale 
cohesive motions, vortical structures and intensive turbulent mixing occurring underneath. 
 
Key words: Tidal bores, Unsteady turbulence, Instantaneous velocity, Turbulent Reynolds shear 
stresses, Ensemble-averages, Physical modelling, Space-time correlations, Turbulent time and 
length scales, ADV Vectrino II Profiler, acoustic Doppler velocimetry. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A channel cross-section area (m2); 
A1 initial channel cross-section area (m2) immediately prior to the tidal bore passage; 
Ayz,i turbulent area scale (m2) of the large scale coherent structure found in the two-
dimensional y-z plane; 
B free-surface width (m); 
B1 initial free-surface width (m) immediately prior to the tidal bore passage; 
DH hydraulic diameter (m); 
d water depth (m); 
d1 initial water depth (m) immediately prior to the tidal bore passage; 
db brink depth (m); 
d2 conjugate water depth (m) immediately behind the tidal bore; 
Fr Froude number; 
Fro Froude number of initial subcritical flow: 
 
1
1o dg
VFr   
Fr1 tidal bore Froude number defined as: 
 
1
1
11
B
Ag
UVFr

  
 For a bore in a rectangular channel: 
 
1
11 dg
UVFr 
  
f Darcy-Weisbach friction factor; 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
H total head (m); 
h Tainter gate opening (m) after gate closure; 
Ly,i turbulent integral length scale (m) which representing a characteristic transverse size of 
a large coherent structure found in the velocity direction i; 
Lz,i turbulent integral length scale (m) which representing a characteristic vertical size of a 
large coherent structure found in the velocity direction i; 
N exponent; 
Q water discharge (m3/s); 
q water discharge per unit width (m2/s); 
R cylinder radius (m); 
Rii normalised auto-correlation function of the i-velocity fluctuations; 
 vi 
Ry1y2,i cross-correlation of instantaneous velocity i-component signals measured 
simultaneously between two points y1 and y2 separated by a vertical distance Δy in a 
vertical profile; 
Rz1z2,i cross-correlation of instantaneous velocity i-component signals measured 
simultaneously between two points z1 and z2 separated by a vertical distance Δz in a 
vertical profile; 
Rmax maximum normalised cross-correlation coefficient; 
St Strouhal number; 
Sf friction slope; 
So bed slope: So = sin; 
Sij strain rate tensor of the i and j-th velocity gradient tensors; 
TE Eulerian integral time scale (s), also called auto-correlation time scale; 
Ti Optimum time lag (s) associated with maximum normalised cross-correlation 
coefficient; 
Tin Eulerian integral time scale (s) calculated for the two-dimensional y-z plane; 
Ty,i turbulent integral time scale (s) characterising the time scale (or lifespan) of a large 
coherent structure found in the velocity direction i in the transverse direction; 
Tz,i turbulent integral time scale (s) characterising the time scale (or lifespan) of a large 
coherent structure found in the velocity direction i in the vertical direction; 
t time (s); herein t = 0 at Tainter gate closure; 
U celerity (m/s) of the bore roller toe positive upstream; 
V instantaneous velocity (m/s); 
V  ensemble-averaged velocity (m/s); 
V  velocity vector; 
Vrecirc maximum recirculation velocity (m/s) at end of deceleration phase; 
Vmax free-stream velocity (m/s); 
Vx instantaneous longitudinal velocity component (m/s); 
Vy instantaneous horizontal transverse velocity component (m/s); 
Vy,min minimum transverse velocity (m/s) after the arrival of the bore in the upper water 
column; 
Vz instantaneous vertical velocity component (m/s); 
Vz,max maximum vertical velocity in the upper water column (m/s) at bore arrival; 
Vz' initial vertical acceleration (m/s2) at bore arrival; 
V1 initial cross-sectional averaged flow velocity (m/s) immediately prior to the tidal bore 
passage; 
V25 instantaneous first quartile of velocity ensemble (m/s); 
V75 instantaneous third quartile of velocity ensemble (m/s); 
V* shear velocity (m/s); 
v velocity fluctuation (m/s): v = V - V  
vx instantaneous longitudinal velocity fluctuation (m/s); 
 vii 
vy instantaneous horizontal transverse velocity fluctuation (m/s); 
vz vertical velocity fluctuation (m/s); 
vx' root mean square of longitudinal velocity fluctuation (m/s); 
vy' root mean square of horizontal transverse velocity fluctuation (m/s); 
vz' root mean square of vertical velocity fluctuation (m/s); 
W rectangular channel width (m); 
X point of intersection of two Profilers' sampling volumes in the y-z plane; 
x longitudinal distance (m) positive downstream; 
xgate longitudinal position (m) of Tainter gate; 
y transverse distance (m) positive towards the right sidewall; 
ymax transverse elevation (m) of highest point of velocity profile; 
z vertical distance (m) positive upwards; 
zmax vertical elevation (m) of highest point of velocity profile; 
 
 void fraction; 
tV time lag (s) between bore passage and maximum velocity fluctuations; 
T time lag (s) between bore passage and maximum shear stress fluctuations; 
y transverse separation (m); 
z vertical separation (m): z = z1 - z2; 
zmax maximum vertical separation (m); 
 boundary layer thickness (m) defined in terms of 99% of the free-stream velocity; 
 von Karman constant:  = 0.4; 
 water dynamic viscosity (Pa.s); 
 water kinematic viscosity (m2/s); 
 angle between channel bed slope and horizontal; 
 water density (kg/m3); 
 time lag (s); 
ij Reynolds shear stress component (Pa); 
o boundary shear stress (s); 
 Reynolds stress tensor; 
ω vorticity (s-1); 
ωshedding vortex shedding frequency (Hz); 
 
Subscript 
max maximum value; 
med cross-sectional median value; 
median cross-sectional median value; 
i coordinate: i = x, y or z; 
j coordinate: j = x, y or z; 
x longitudinal component; 
 viii 
y horizontal transverse component; 
z vertical component; 
1 initial flow property immediately prior to the tidal bore passage; 
25 first quartile; 
75 third quartile; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimetry; 
AEB advanced engineering building; 
DPIV digital particle image velocimetry; 
EA ensemble-averaged; 
GVF gradually-varied flow; 
HD high-definition; 
LDV laser Doppler anemometry; 
ms millisecond; 
PDF probability distribution function; 
PIV particle image velocimetry; 
RMS root mean square; 
RVF rapidly-varied flow; 
SNR signal to noise ratio; 
STD standard deviation; 
s second; 
UQ The University of Queensland; 
1D one-dimensional; 
2D two-dimensional; 
3D three-dimensional. 
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1. INTRODUCTION 
A transition from a rapid to fluvial flow motion which occurs in open channel flows is called a 
hydraulic jump. In nature, a hydraulic jump in translation may occur in a small number of rivers and 
estuaries with large tidal range, low freshwater level and a funnel-shaped river mouth (STOKER 
1957, TRICKER 1965, CHANSON 2011a). The phenomenon is also called a compression wave, or 
tidal bore. Figure 1-1 illustrates tidal bores in the Qiantang (China), Garonne and Dordogne 
(France) Rivers. To date, there are about 400 rivers and estuaries where tidal bores may be 
observed, on all continents except Antarctica (CHANSON 2011a). The propagation of a tidal bore 
is an unsteady turbulent process, with intense shear and mixing underneath. The strength and shape 
of a bore is characterised by its Froude number Fr1 defined as: 
 11
1
1
V UFr Ag B


 (1.1) 
where V1 is the initial flow velocity positive downstream, U is the bore celerity positive upstream, g 
is the gravitational acceleration, A1 and B1 are respectively the cross-sectional area and the free-
surface width. When Fr1 < 1, a bore cannot be formed. When 1 < Fr1 < 1.3-1.4, the bore is undular 
(Fig. 1-1C), characterised by a smooth free-surface rise and a train of secondary, quasi-periodic 
waves (TRESKE 1994, KOCH and CHANSON 2008, SIMON and CHANSON 2013, LENG and 
CHANSON 2015a,b,c). When 1.3-1.4 < Fr1 < 1.5-1.6, the bore is partially breaking with secondary 
undulations (Fig. 1-1B) (SIMON and CHANSON 2013, LENG and CHANSON 2015a,b,c). When 
Fr1 > 1.5-1.6, the bore is fully breaking, with a turbulent breaking roller and energetic white water 
splashes (Fig. 1-1A) (HORNUNG et al. 1995, LENG and CHANSON 2015a,b,c). The roller of a 
breaking bore is marked by an abrupt free-surface rise, a two-phase flow region with air-water 
interactions, large-scale vortical structures and intensive energy dissipation (KOCH and 
CHANSON 2009, CHANSON 2010a). 
Analytically, the initiation of a tidal bore can be predicted using the Saint-Venant equations and the 
method of characteristics in channels of relatively simple geometry. The Saint-Venant equations 
decribe the variations with time of the water depth d and flow velocity V: 
 
d cons tan t
d V d AB A B V V 0t x x x 
                   (1.2) 
 o fV V dV g g (S S )t x x
             (1.3) 
where x is the longitudinal co-ordinate positive downstream, A is the flow cross-sectional area, B is 
the free-surface width, g is the gravity acceleration, So is the bed slope and Sf is the friction slope 
(HENDERSON 1966, LIGGETT 1994, CHANSON 2004). Experimentally, the bore may be 
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generated in laboratory by a fast-closing Tainter gate located at the downstream end of the channel. 
When rapidly closed, a flow discontinuity is formed when the waters pile up on the gate, and then 
develops into a bore front and propagates upstream. Figure 1-2 shows the generation of a breaking 
bore at the gate, and the propagation of the bore at mid-channel. 
Experimental studies on the propagation of tidal bores and positive surges could be dated back to 
BAZIN (1865), FAVRE (1935), BENET and CUNGE (1971), who performed classical experiments 
with visual observations. More recent physical studies included HORNUNG et al. (1995), 
CHANSON (2005,2010a,b,2011b), KOCH and CHANSON (2008,2009), DOCHERTY and 
CHANSON (2012), GUALTIERI and CHANSON (2011,2012), KHEZRI and CHANSON 
(2012a,b), SIMON and CHANSON (2013) and LENG and CHANSON (2015a,b,2016a,b,2017a,b). 
These studies used advanced velocity sampling equipment with high temporal resolutions, such as a 
particle imaging velocimetry (PIV), acoustic Doppler velocimetry (ADV) and Vectrino II profiling 
velocimetry (Profiler), with a focus on the unsteady and turbulent characteristics of tidal bores. 
Table 1-1 summarises the details of recent laboratory studies of tidal bores. 
Herein, new experiments were conducted to study the unsteady turbulent characteristics of tidal 
bores in a systematic manner under controlled flow conditions in the AEB Hydraulic laboratory, at 
the University of Queensland. The experimental channel was a relatively large rectangular tilting 
flume, previously used by LENG and CHANSON (2015a,b,c, 2016,a,b,2017a,b). In LENG and 
CHANSON (2017a,b), the unsteady turbulent tidal bore propagation was studied using a NortekTM 
acoustic Doppler velocimeter Vectrino II Profiler, with down-looking fixed probe. The present 
study aims to examine further and achieve the following novel outcomes: 
 Study the transverse profile of the longitudinal, transverse and vertical velocity components 
before, during and after the tidal bore propagation, using a newly introduced, side-looking 
mounted Vectrino II Profilers with a three-dimensional flexible head. 
 Explore and validate the performances of two Vectrino II Profilers operating 
simultaneously. 
 Compute the turbulent time and length scales of large coherent structures, as well as space-
time correlations, in the transverse and vertical directions in open channel flows affected by 
tidal bore propagations. 
Ensemble-averaged velocity measurements were performed using the new side-looking mounted 
Profiler, with and without a fixed-head down-looking Profiler, under controlled flow conditions in a 
systematic way. When sampling with a fixed-head down-looking Profiler simultaneously, the side-
looking mounted Profiler was located very close to the other Profiler, with its control volume 
arranged perpendicular to that of the other Profiler. The longitudinal separation of the two control 
volumes was 0.075 m. Both Profilers measured profiles of 35 mm, containing 35 sampling points 
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respectively, located 40 mm from the Profiler head emitters. The Profilers were sampled at 100 Hz 
and synchronised together. During the ensemble-averaged measurements, 25 runs were repeated for 
each set of measurements. This enabled the integral turbulent time and length scales to be calculated 
in the vertical and transverse directions respectively, and in the plane formed by the two sampling 
lines. 
 
 
(A) Breaking bore in Qiantang River, Jiuxi, China (20/09/2016) - Bore propagation from left to 
right 
 
(B) Partially breaking bore in Garonne River, Cambes, France (29/10/2015) - Bore propagation 
from right to left 
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(C) Undular bore in Dordogne River, St. Pardon, France (30/10/2015) – Bore propagation from left 
to right 
Fig. 1-1 - Photographs of tidal bore events in China and France. 
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(A) Photograph of the generation of a breaking bore in the AEB hydraulic laboratory of the 
University of Queensland (Q = 0.102 m3/s, Fr1 = 2.3) - Bore propagation from left to right 
 
(B) Photograph of a breaking bore at mid-channel in the AEB hydraulic laboratory of the University 
of Queensland (Q = 0.102 m3/s, Fr1 = 2.3) - Bore propagation from left to right  
Fig. 1-2 - Tidal bore generation and propagation in a rectangular prismatic laboratory channel.
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Table 1-1 – Detailed past studies on tidal bores with flow conditions and instrumentations 
 
Reference So Bed type Q 
(m3/s) 
d1 (m) U (m/s) Fr1 Instrumentation Remarks 
Present study 0 
 
Smooth 
(PVC) 
0.101 0.174-
0.177 
1.08-
1.18 
1.45-
1.55 
Acoustic displacement meters, Nortek Vectrino II ADV Profiler (fixed-head 
down-looking, 100 Hz) & Nortek Vectrino II ADV Profiler (flexible-head 
side-looking mounted, 100 Hz) 
L = 19 m 
B = 0.7 m 
HORNUNG 
et al. (1995) 
0 Smooth 0 N/A N/A 1.5-6 DPIV (15 Hz, 500×650 pixels) L = 24 m 
KOCH and 
CHANSON 
(2009) 
0 Smooth 0.04 0.079 0.14-
0.68 
1.31-
1.93 
Acoustic displacement meters & Sontek Micro ADV 2D (50 Hz) L =12 m 
B = 0.5 m 
CHANSON 
(2010b, 
2011b) 
0 Smooth 
(PVC) 
0.058 0.137 0.56-0.9 1.17-
1.47 
Acoustic displacement meters & Nortek Vectrino+ ADV(200 Hz) 
0 Plastic 
screens 
0.058 0.142 0.5-0.89 1.13-
1.47  
L = 12 m 
B = 0.5 m 
ks = 8 mm  
0.015-
0.1 
Smooth 
(PVC) 
0.035-
0.06 
0.040-
0.072 
0.002-
0.22 
1.71-
2.83  
Delecerating 
bores,  
L = 12 m 
B = 0.5 m 
CHANSON 
and TAN 
(2010) 
0 Smooth 0.013-
0.058 
0.05-
0.195 
0.31-
1.18 
1.02-
1.7 
Acoustic displacement meters, video cameras Neutrally buoyant 
particle tracking 
L = 12 m 
B = 0.5 m 
GUALTIERI 
and 
CHANSON 
(2011, 2012) 
0 Smooth 
(PVC) 
0.06 0.137-
0.195 
0.52-
0.95 
1.15-
1.54 
Acoustic displacement meters & Sontek Micro ADV 2D (50 Hz) L = 12 m 
B = 0.5 m 
0 Smooth 
(PVC) 
0.05 0.117-
0.119 
0.29-
0.85 
1.08-
1.65 
L =12 m 
B = 0.5 m 
DOCHERTY 
and 
CHANSON 
(2012) 
0.002 Fixed 
gravel 
0.05 0.125 0.31-
0.88 
1.01-
1.52 
Acoustic displacement meters & Nortek Vectrino+ ADV(200 Hz) 
L =12 m, B = 0.5 
m, ks = 3.4 mm, 
d50 = 5.7 mm 
SIMON and 
CHANSON 
0.0077 Fixed 
gravel 
0.036-
0.055 
0.086-
0.113 
0.23-
0.76 
1.14-
1.66 
Acoustic displacement meters & Nortek Vectrino+ ADV(200 Hz) L =12 m, B = 0.5 
m, ks = 3.4 mm, 
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(2013) d50 = 5.7 mm 
0 Fixed 
gravel 
0.05 0.136 0.6-0.9 1.19-
1.39 
L =12 m, B = 0.5 
m, ks = 3.4 mm, 
d50 = 5.7 mm 
KHEZRI 
(2014) 
0 Mobile 
gravel 
bed 
0.05 0.136 0.6-0.9 1.17-
1.41 
Acoustic displacement meters, video camera & Nortek Vectrino+ ADV(200 
Hz) 
L =12 m, B = 0.5 
m, d50 = 5.7 mm, 
live bed 
FURGEROT 
(2014) 
0 Smooth 
(PVC) 
0.017-
0.072 
0.097-
0.187 
0.79-
1.12 
1.26-
1.58 
Acoustic displacement meters, Nortek Vectrino+ ADV(200 Hz) & Dantec 
LDV (250 Hz) 
L = 16.5 m 
CHANSON 
and TOI 
(2015) 
0.0035 Smooth 
(PVC) 
0.025 0.051 0.26-
0.53 
1.7-2.1 Acoustic displacement meters & Nortek Vectrino+ ADV(200 Hz) L = 12 m 
B = 0.5 m 
LENG and 
CHANSON 
(2015a,b) 
0 Smooth 
(PVC) 
0.085 0.146-
0.165 
0.9-0.99 1.33-
1.49 
Acoustic displacement meters, HD video camera & phase-detection probe L = 19 m 
B = 0.7 m 
0 
 
0.055-
0.101 
0.121-
0.196 
0.6-1.32 1.1-1.6 LENG and 
CHANSON 
(2016a) 0.0025 
Smooth 
(PVC) 
0.071-
0.101 
0.113-
0.143 
0.46-
0.92 
1.2-1.6 
0.005 0.055-
0.101 
0.072-
0.105 
0.25-
0.77 
1.6-2.1 
0.0075 
 
0.055-
0.101 
0.063-
0.096 
0.25-0.7 1.9-2.3 
Acoustic displacement meters & Nortek Vectrino+ ADV(200 Hz), HD video 
camera & High-speed camera 
L = 19 m 
B = 0.7 m 
0 0.099 0.170 1.2 1.6 
0 0.099 0.197 1 1.2 
LENG and 
CHANSON 
(2017a,b) 0.0075 
Smooth 
(PVC) 
0.099 0.097 0.6 2.1 
Acoustic displacement meters, Nortek Vectrino+ ADV(200 Hz) & Nortek 
Vectrino II ADV Profiler (fixed-head down-looking, 100 Hz) 
L = 19 m 
B = 0.7 m 
 
Notes: B: channel width; d1: initial flow depth; Fr1: bore Froude number; ks: equivalent sand roughness height; L: channel length; Q: water discharge; 
U: bore celerity. 
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2. EXPERIMENTAL FACILITY AND INSTRUMENTATION 
2.1 EXPERIMENTAL FLUME 
New experiments were conducted in a 19 m long, 0.7 m wide tilting flume located in the Advanced 
Engineering Building Hydraulic Laboratory, at the University of Queensland. The flume was 
rectangular prismatic, made of glass side walls and smooth PVC invert with an adjustable bed 
slope. The flume was previous used by LENG and CHANSON (2015a,b,c,2016a,b,2017a,b). The 
water discharge was supplied by an upstream water tank through a smooth convergent intake into 
the test section. The initially steady gradually-varied flow was achieved by maintaining the same 
discharge for a reasonable period of time throughout the 19 m test section. A magneto flow meter 
was used to measure the flow discharge down to an accuracy of 10-5 m3/s. The measured discharge 
was frequently checked against the brink depth db at the end of flume. A fast-closing Tainter gate 
was located near the downstream end at x = 18.1 m, where x is the longitudinal distance from the 
upstream end. After rapidly closure (within 0.2 s), the Tainter gate generated a tidal bore and the 
bore propagated upstream. The definition sketch of the flume, experimental apertures and mounting 
of instrumentations is shown in Figure 2-1.  
 
 
Fig. 2-1 - Definition sketch of the experimental facility including the Profilers. 
 
2.2 ACOUSTIC DISPLACEMENT METER (ADM) 
In steady flows, the water depths were measured using pointer gauges with an accuracy of 0.001 m. 
The unsteady water depths were recorded with a series of acoustic displacement meters (ADMs). A 
Microsonic™ Mic+35/IU/TC unit was located at x = 18.17 m immediately downstream of the 
Tainter gate. Further nine acoustic displacement meters Microsonic™ Mic+25/IU/TC were spaced 
along the channel at x = 17.81 m, 17.41 m, 14.96 m, 12.46 m, 9.96 m, 8.5 m, 6.96 m, 3.96 m and 
1.96 m ( 1 ). A photograph of ADM sensor mounting is shown in Figure 2-2. All acoustic 
                                                 
1 All locations for 1.96 m < x < 17.81 m were located upstream of the Tainter gate. 
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displacement meters (ADMs) were calibrated against point gauge measurements in steady flows 
and the sensors were sampled at 100 Hz. Table 2-1 reports some information on the sensor 
characteristics. 
 
 
Fig. 2-2 - Mounting of an acoustic displacement meter (ADM) above the channel centreline 
(pointed by red arrows) looking downstream at an incoming breaking bore. 
 
Table 2-1 - Characteristics of the ultrasonic acoustic displacement meters 
 
Characteristic parameter Microsonic™ 
Mic+25 
Microsonic™ 
Mic+35 
Accuracy (mm) 0.18 0.18 
Response time (ms) 50 70 
Ultrasonic frequency (kHz) 320 400 
Wave length (at 20ºC) (mm) 1.1 0.9 
Detection zone radius at operating range (mm) 22 37.5 
Blind zone (mm) 30 60 
Operating range (mm) 250 350 
Maximum range (mm) 350 600 
 
Reference: Microsonic™ webpage {http://www.microsonic.de/} 
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2.3 VELOCITY MEASUREMENTS 
Two profiling velocimeters were deployed herein. Both profiling velocimeters were NortekTM 
acoustic Doppler velocimeter (ADV) Vectrino II Profilers (2). One was equipped with a fixed 
downward looking head (Hardware ID VNO 1366, firmware ID 1950). The other one was equipped 
with a flexible head (Hardware ID VNO 1436, firmware ID 1950), which was mounted side-
looking in the present study. The former, referred to as Profiler 1, was used previously by LENG 
and CHANSON (2017a,b). It was used to measure velocity at the same time as validating the 
measurements of the newly introduced side-looking Profiler, called Profiler 2. 
The Vectrino II Profiler is a high-resolution acoustic Doppler velocimeter used to measure 
turbulence and three-dimensional water velocity in a wide variety of applications (Nortek 2012). 
The basic measurement technology is coherent Doppler processing, which is characterised by 
reasonably accurate data and no appreciable zero offset (ZEDEL and HAY 2011, Nortek 2012). 
However, there are also known issues with the Vectrino II Profiler. These included inaccurate 
estimation of time-averaged velocity at certain positions beneath the flow, as well as wrong 
estimation of velocity variances except at the sample “sweet spot” (CRAIG et al. 2011, ZEDEL and 
HAY 2011, MACVICAR et al. 2014, LENG and CHANSON 2016b,2017a,b, DILLING and 
MACVICAR 2017). Overall, the Vectrino II Profiler may be a useful equipment which can be used 
in unsteady turbulent flow measurements with fine temporal resolution, provided that careful 
validations are undertaken. 
In the present study, both Profilers were equipped with one central emitter and four receivers, 
capable of recording velocity in the longitudinal, transverse and vertical directions. Both Profilers 
were configured to quasi-simultaneously sample the velocity at 100 Hz for 35 sampling points in a 
35 mm profile. The sampling volume (or profile) of Profiler 1 was in the vertical direction, located 
40 mm below the emitter. Whereas the sampling volume of Profiler 2 was in the transverse 
direction, located 40 mm beside the emitter. Figure 2-3A shows sketches of the two Profilers with 
the coordinate system. A photograph of the setup of the two Profilers used in the present study is 
shown in Figure 2-3B.  
 
                                                 
2 The two Vectrino II Profilers herein were not re-calibrated, following the 2016 worldwide recall of ADV 
Vectrino II by the manufacturer. 
 11 
              (A) Coordinated sketch of Profiler 1 (left) and Profiler 2 (right). 
     
(B) Photograph of a setup with the two Profilers: top (left) and side (right) views. 
 
(C) Dimensioned sketch of the setup of the Profiler array 
Flow direction 
Flow direction 
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(D) Detailed sketch of (C) right 
Fig. 2-3 – Dimensioned sketch and photographs of the two Profilers and setup. 
 
Profilers 1 and 2 were mounted at x = 8.5 m and 8.425 m, respectively. Figure 2-3C shows a 
dimensioned sketch of the Profiler array setup during the unsteady ensemble-averaged 
measurements. The velocity range was ±1.0 m/s or ±1.5 m/s. Both Profilers were synchronised to 
sample simultaneously with the ADMs. The synchronisation between instruments was within ± 1 
ms. 
The output data of the Profilers were saved as MATLAB files. Steady flow data were post-
processed by the MATLAB program VTMT version 1.1, designed and written by Jan BECKER 
from Federal Waterways Engineering and Research Institute (BAW), Karlsruhe (BECKER 2014). 
In steady flows, the post-processing of ADV Vectrino II Profiler data included the removal of data 
with average correlation values less than 60% and average signal to noise ratio less than 5 dB. In 
addition, the phase-space thresholding technique developed by GORING and NIKORA (2002) was 
applied to remove spurious points in the data set. In the unsteady flows, the above post-processing 
technique was not applicable (NIKORA 2004, Person. Comm., CHANSON 2008,2010a, KOCH 
and CHANSON 2009) and raw data was used directly for analysis. 
 
2.4 EXPERIMENTAL FLOW CONDITIONS 
Unsteady flow experiments were conducted using a single Profiler and an array of two Profilers, 
respectively. During the single Profiler measurements, ensemble-averaged experiments were 
performed using Profiler 2 only, with Profiler 1 removed entirely from the flume. Profiler 2 was 
located at x = 8.5 m, where x was measured from the upstream end. During the Profiler array 
measurements, ensemble-averaged experiments were performed using both Profilers, with the 
sampling profiles located very close to each other (longitudinal separation: 0.075 m). Profiler 1 was 
located at x = 8.5 m and Profiler 2 was located at x= 8.425 m. The small longitudinal separation 
between the sampling profiles was set to avoid adverse interactions between the two instruments, 
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when placed at the same longitudinal location. Such interactions were studied. Preliminary studies 
of instrument interactions were performed before any unsteady flow measurements. Different 
instrument setups were experimented and their results summarised in Appendix B. The current 
setup of the instruments, illustrated in Figures 2-3C and 2-3D, was designed based upon the results 
of these preliminary investigations. 
The current measurements were designed upon and developed from the work of LENG and 
CHANSON (2017a,b), in which measurements with only Profiler 1 were performed. The 
experimental flow conditions were chosen based upon previous findings. Table 2-2 summarises the 
flow conditions of the ensemble-averaged velocity measurements for present and past studies. For 
each flow condition, experiments were repeated 25 times, and the results were ensemble-averaged. 
 
Table 2-2 - Experimental flow conditions for ensemble-averaged velocity measurements in positive 
surges using a single Profiler and an array of two Profilers 
 
Reference So Q  
(m3/s) 
d1  
(m) 
h 
(m) 
z/d1  
Profiler 1 
z/d1 
Profiler 2 
y/B 
Profiler 1 
y/B 
Profiler 2 
U 
(m/s) 
Fr1 Bore type Instrument 
LENG and 
CHANSON 
(2017a,b) 
0 
0 
0.0075 
0.099 
0.099 
0.099 
0.170 
0.197 
0.097 
0 
0.125 
0 
0.0 – 0.7 
0.0 – 0.6 
0.0 – 0.4 
N/A 
N/A 
N/A 
0.5 
0.5 
0.5 
N/A 
N/A 
N/A 
1.2 
1.0 
0.6 
1.6 
1.2 
2.1 
Breaking 
Undular 
Breaking 
ADV & 
Profiler 1 
0 
0 
0 
0.101 
0.101 
0.101 
0.174 
0.176 
0.176 
0 
0 
0 
0.01 - 0.20 
0.09 - 0.28 
0.23 - 0.43 
0.17 
0.26 
0.40 
0.5 
0.5 
0.5 
0.46 - 0.51 
0.46 - 0.51 
0.46 - 0.51 
1.15 
1.11 
1.18 
1.52 
1.50 
1.55 
Breaking 
Breaking 
Breaking 
Profiler 
array 
(1&2) 
Present 
study 
0 
0 
0 
0.101 
0.101 
0.101 
0.175 
0.176 
0.177 
0 
0 
0 
N/A 
N/A 
N/A 
0.17 
0.26 
0.34 
N/A 
N/A 
N/A 
0.48 - 0.53 
0.48 - 0.53 
0.48 - 0.53 
1.08 
1.17 
1.08 
1.47 
1.55 
1.45 
Breaking 
Breaking 
Breaking 
Profiler 2 
only 
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3. UNSTEADY VELOCITY MEASUREMENTS USING A SINGLE SIDE-
LOOKING MOUNTED PROFILER 
3.1 INSTANTANEOUS VELOCITY MEASUREMENTS USING A SINGLE SIDE-LOOKING 
PROFILER 
The purpose of performing a series of experiments using a single Profiler with no other velocimeter 
(e.g. Profiler 1) was to obtain a reference data set, which was free of any instrument interactions 
with other velocimeters. The data can thus be compared and validated with previous velocity 
measurements using the Vectrino II Profiler (“Profiler 1”) and the Vectrino+ ADV. The data could 
also be used as a reference data set for the experimental results obtained with two Profilers, when 
instrument interactions might affect the data quality. 
The velocity data showed some clear common features as well as differences, in fine turbulent 
characteristics in all directions. The water depth was associated with an abrupt rise when the bore 
arrived. The longitudinal velocity decreased rapidly as the free-surface increased (Fig. 3-1A). 
Negative longitudinal velocity was reached at the end of the deceleration phase, indicating a 
transient flow recirculation. This transient recirculation velocity was observed at all transverse 
locations for low vertical elevations (z/d1 < 0.3 – 0.5), however with different timings at different 
transverse locations. During the flood tide phase after the passage of the bore, the longitudinal 
velocity showed some oscillations about 0. The period and amplitude of oscillation were different 
for different transverse locations. Results at other vertical elevations showed some consistent 
features in the longitudinal velocity characteristics (Fig 3-1A). Figure 3-1 shows typical 
instantaneous time-variations of the longitudinal, transverse and vertical velocity components 
measured at a selection of transverse locations y/B at a fixed vertical elevation z/d1 = 0.17. 
The time-averaged transverse and vertical velocity were slightly larger than zero (0.02 to 0.03 m/s), 
likely due to a combination of probe misalignment and presence of secondary current. Since the 
majority of the sampling profile of Profiler 2 was not on the channel centreline, it could not be 
reasonable to assume a zero transverse and vertical velocity on average. In addition, the probe 
misalignment was caused by manual mounting error and the sizable fluid flow force acting normal 
to the receivers (Fig. 2-3B). The latter was extremely difficult to quantify since the flow was 
transient. Visually and based on comparison to previous dataset, the angle of misalignment was less 
than 2° for all experimental runs. 
The transverse and vertical velocity components showed some large fluctuation as the tidal bore 
propagated (Fig. 3-1B & 3-1C). The time-variations of instantaneous transverse velocity component 
varied drastically with the free-surface rise at different transverse locations, observed at all vertical 
elevations. Generally, the longitudinal velocity component signal tend to have a better data quality 
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(1). In the present study, it was believed that the transverse velocity component was associated with 
the best accuracy as compared to other velocity components. The vertical velocity showed first an 
increase in positive direction and a decrease towards values that were slightly higher than in the 
initially steady flow (Fig. 3-1C). The initial acceleration in vertical velocity was more significant at 
some transverse locations than others (Fig. 3-1C). This suggested some three-dimensional 
anisotropic nature of the tidal bore flow field. 
Overall, the behaviour of the longitudinal velocity components was similar for all transverse 
locations. However, in terms of the highly fluctuating turbulent characteristics, e.g. the recirculation 
velocity and their time of occurrence, each transverse location presented differences. The results 
suggested that the propagation of tidal bore was a three-dimensional process, with unique 
characteristics of the highly-fluctuating turbulent properties in all three directions. 
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 (A) Longitudinal velocity at z/d1 = 0.17 (left) and 0.34 (right) 
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1 Personal communication with Sontek’s Australian representative. 
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 (C) Vertical velocity at z/d1 = 0.17 (left) and 0.34 (right) 
Fig. 3-1 – Instantaneous time-variations of the longitudinal (A), transverse (B) and vertical (C) 
velocity components of a breaking bore, measured by Profiler 2 under the flow condition Q = 0.101 
m3/s, Fr1 = 1.50, z/d1 = 0.17 and 0.34, y/B = 0.48 – 0.53; velocity data offset by +0.5 for each 
further transverse location; t = 0 at the gate closure. 
 
3.2 ENSEMBLE-AVERAGED EXPERIMENTS USING A SINGLE SIDE-LOOKING 
PROFILER 
Typical ensemble-averaged velocity characteristics measured by Profiler 2 only are shown in Figure 
3-2, with velocity data at different transverse locations across the channel centreline. The velocity 
data Vmedian stands for the ensemble-median velocity over 25 experimental runs, and the depth data 
dmedian are the ensemble-averaged free-surface elevation at the velocity sampling location (x = 8.5 
m). The results at a number of transverse locations y/B = 0.49, 0.50 and 0.52 are shown, where y is 
the transverse distance from the right side wall and B is the channel width, which equals to 0.7 m. 
The time-variations of ensemble-median velocity components were similar to the instantaneous 
time-variations both qualitatively and quantitatively, despite being less fluctuating and less spiky 
because of the ensemble-averaging process. At a few transverse locations, the vertical acceleration 
associated with the bore passage was more pronounced than at other locations, even at the same 
vertical elevation (Fig. 3-2C). The ensemble-averaged velocity data showed that the propagation of 
the tidal bore was a three-dimensional phenomenon, with three-dimensional variations in all 
turbulent characteristic properties.  
The high-frequency velocity fluctuations, characterised by the difference between the 3rd and 1st 
quartiles, are shown in Figure 3-3, denoted by (V75 -V25). For a data set with Gaussian distribution, 
V75-V25 should be equal to 1.3 times the standard deviation of the data set. Previous velocity 
measurements using ADV and Profiler 1 highlighted large increase in velocity fluctuations, 
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associated with the bore passage, in all directions throughout the initial water depth. Further, the 
velocity fluctuations reached maximum values shortly after the bore arrival. The maximum 
fluctuations and delay in time were quantified by LENG and CHANSON (2015c,2016a) on the 
channel centreline. In the present study, the results showed some difference. Only some velocity 
components at certain transverse locations were associated with marked peaks in velocity 
fluctuations associated with the arrival of the bore, e.g. vertical velocity fluctuations at y/B = 0.52 
as shown in Fig. 3-2C. Other velocity components at other locations either showed some increase 
with no obvious peak during the longitudinal deceleration phase, or no marked difference at all. 
During the flood tide phase following the longitudinal deceleration phase during the bore passage, 
all velocity components were associated with smaller fluctuations compared to the initially steady 
flow except for the transverse velocity at some vertical elevation. The transverse velocity showed 
no obvious change in fluctuations during all three flow phases. 
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(C) Vertical velocity 
Fig. 3-2 – Ensemble-averaged time-variations of the longitudinal (A), transverse (B) and vertical 
(C) velocity components of a breaking bore, measured by Profiler 2 under the flow condition Q = 
0.101 m3/s, Fr1 = 1.45, z/d1 = 0.17, y/B = 0.48 – 0.53; velocity data offset by +0.5 for each further 
transverse location; t = 0 at the gate closure. 
 
The ensemble-averaged velocity characteristics measured by Profiler 2 were compared to previous 
experimental results using Profiler 1 (LENG and CHANSON 2017a,b) and ADV (LENG and 
CHANSON 2016a). Only centreline data were compared. Typical results were presented in Figure 
3-3 for the longitudinal velocity component. Note that the ADV data were only available at a 
slightly lower vertical elevation (z/d1 = 0.10 compared to 0.17 for the other two data sets) and hence 
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had a lower median velocity overall. Nevertheless, all measurements showed consistent time-
variations in longitudinal velocity with the propagation of the bore. Rapid decelerations were 
highlighted for all three data sets as the free-surface turned to rise, and recirculation velocity was 
observed at the end of the deceleration phase for all three data sets. The data of Profiler 1 was very 
close to that of Profiler 2, both quantitatively and qualitatively during the initially steady flow phase 
and the rapid deceleration phase. After the deceleration phase and during the flood tide phase, 
differences were seen between data sets of Profiler 1 and 2. Namely, the data of Profiler 2 was 
associated with a much longer period of recirculating flow, marked by negative longitudinal 
velocity, compared to data of Profiler 1. However, neither Profiler data sets reproduced the 
maximum magnitude of recirculation velocity reached by the ADV data. This could be due to the 
difference in the vertical elevations. The velocity fluctuations were of the same magnitudes and 
similar time-variations throughout the steady flow and bore propagation for all three data sets. 
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Fig. 3-3 – Comparison between ensemble-averaged velocity measurements using Profiler 2 and 
previous ensemble-averaged (EA) results using ADV (LENG and CHANSON 2016a) and Profiler 1 
(LENG and CHANSON 2017a,b); all measurements conducted on channel centreline y/B = 0.50; 
present study and Profiler 1 at z/d1 = 0.17, ADV at z/d1 = 0.10. 
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4. UNSTEADY VELOCITY MEASUREMENTS USING AN ARRAY OF TWO 
PROFILERS 
Ensemble-averaged experiments were conducted in tidal bores using an array of two Profilers, 
placed very close to each other, which measured respectively the velocity characteristics across a 
vertical and transverse profiles. The instrument setup is illustrated in Figure 4-1. Figure 4-2 shows 
results of a series of ensemble-averaged experiments measured by both Profilers at a transverse 
range of y/B = 0.46 – 0.51 and a vertical range of z/d1 = 0.01 – 0.20. The detailed flow conditions 
were documented in Table 4-1. The ensemble-median water depth measured on the channel 
centreline at the Profiler 1 location was presented to indicate the arrival of the bore. The 
dimensionless time equalled zero at the gate closure. A detailed comparison of Profiler 2 output 
when sampled alone and sampled together with Profiler 1 is presented in Appendix B. The 
preliminary test results in Appendix B concluded that, (a) signal interference and physical flow 
interaction can be minimised by adjusting the physical setup of the two instrument, and (b) the 
current setup was deemed sufficient in minimising the effect of noise as a result of two instruments 
sampling at the same time. 
 
Table 4-1 - Experimental flow conditions for ensemble-averaged velocity measurements in positive 
surges using an array of two Profilers. 
 
Reference So Q 
 
(m3/s) 
d1 
 
(m) 
h 
 
(m) 
z/d1 
Profiler 1 
z/d 
Profiler 2 
y/B 
Profiler 1 
y/B 
Profiler 2 
U 
 
(m/s) 
Fr1 Bore type Instrument 
Present study 0 0.101 0.174 
0.176 
0.176 
0 0.01 - 0.20 
0.09 - 0.28 
0.23 - 0.43 
0.17 
0.26 
0.40 
0.5 0.46 - 0.51 1.15 
1.11 
1.18 
1.52 
1.50 
1.55 
Breaking Profiler 
array 
(1&2) 
 
 
Fig. 4-1 – Dimensioned sketch of the Profiler array setup, looking downstream, for z/d1 = 0.01-0.20 
(Profiler 1) and z/d1 = 0.17 (Profiler 2). 
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The ensemble-averaged longitudinal velocity measured by both Profilers showed almost 
simultaneous deceleration associated with the rapid increase in water depth, marking the arrival of a 
bore. The Profiler 1 results clearly demonstrated the presence of an initial bottom boundary layer, 
indicated by increasing velocity magnitudes with increasing vertical elevations before the bore 
arrival. The results of Profiler 2 on the other hand showed decreasing velocity magnitudes with 
increasing transverse distance from the right side wall before the bore arrival. The steady flow 
longitudinal velocity measured by Profiler 2 at z/d1 = 0.17 and y/B = 0.50 differed significantly 
from that measured by Profiler 1, i.e. by almost 20%. Although the two Profilers were not 
measuring velocity at exactly the same point (1), such a difference was considered large. The 
comparatively low steady flow Vx measured by Profiler 2 at the centreline could be caused by the 
interactions between the two Profilers (detailed discussion see Appendix B). 
With the arrival of a breaking bore, a transient recirculation was often observed at low vertical 
elevations, marked by the negative transient longitudinal velocity at the end of the deceleration 
phase (LENG and CHANSON 2016a,2017a,b). Both Profilers recorded the transient longitudinal 
recirculation velocity up to a vertical elevation z/d1 = 0.42. For comparison, past experiments 
showed recirculation velocity up to an elevation of z/d1 = 0.50 (LENG and CHANSON 2017a,b) 
and z/d1 = 0.6 (CHANSON and TOI 2015). 
The velocity fluctuations were characterised by the difference between the third and first quartiles 
(V75-V25), shown in dotted lines in Figure 4-2. For a dataset with Gaussian distribution, this quartile 
difference would be equal to 1.3 times the standard deviation (SPIEGEL 1972). The longitudinal 
velocity fluctuations were associated with some sharp increase, recorded by both Profilers, as the 
bore passed, except at the end points of a sampling profile (z/d1 = 0.03 and y/B = 0.50, highlighted 
by yellow dotted lines) (2). At the other locations, the longitudinal velocity fluctuations reached a 
maxima shortly after the arrival of the bore. This maximum velocity fluctuation and its time lag 
relative to the bore arrival were previously observed in both ADV and Profiler 1 measurements 
(LENG and CHANSON 2016a,2017a,b). The velocity fluctuations in the longitudinal direction 
showed very comparable results for the two Profilers, both qualitatively and quantitatively. 
The ensemble-averaged transverse velocity data, measured by both Profilers, fluctuated drastically 
as the tidal bore passed. The Profiler 2 data showed an abrupt increase and then decrease shortly 
after the arrival of the bore. The steady flow transverse velocity showed larger fluctuations and 
mean values, highlighted by the Profiler 2 data, compared to Profiler 1 data. The larger mean values 
                                                 
1 The two sampling profiles were separated by a longitudinal distance of 0.075 m to avoid adverse instrument 
interactions. Detailed studies on instrument interactions were reported in Appendix B. 
2 Past experiments documented issues with the Profilers in estimating the velocity variance at the end points 
of a Vectrino II sampling profile (CRAIG et al. 2011, ZEDEL and HAY 2011, MACVICAR et al. 2014, 
DILLING and MACVICAR 2017). 
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could be a result of slight tilt of the probe head due to direct flow impact on the receivers. The 
comparatively large fluctuations might be caused by some reflection of the acoustic signal on the 
channel bed, as the receiver associated with the transverse and vertical velocity components was 
placed very close to the bed. The transverse velocity fluctuations measured by Profiler 1 were larger 
than the velocity magnitudes, and were comparable to the velocity magnitudes measured by Profiler 
2. Very large oscillations in transverse velocity fluctuations were highlighted at the later stage of the 
early flood tide phase after the bore passage, with amplitudes twice as large as the velocity 
magnitudes (Fig. 4-2B, dotted lines). This could be associated with some transverse recirculation 
eddy and mixing cell, linked to some large-scale vortical structures. 
The vertical velocity components showed a rapid acceleration then deceleration associated with the 
bore arrival, as measured by both Profilers. The data of Profiler 2 were associated with larger 
fluctuations at all locations, possibly caused by the arrangement of the probe head. As the probe 
was placed perpendicular to the flow direction, the wake of the upstream receiver might impact onto 
the emitter and the downstream receiver. The vertical acceleration measured by Profiler 2 seemed to 
be abrupt and sharp. The fluctuations in the early flood tide flow after the bore passage were larger 
in the Profiler 2 measurements compared to those of Profiler 1. Both Profilers measured vertical 
velocity fluctuations twice the magnitudes of the ensemble-averaged vertical velocity component. 
With Profiler 2 and at all locations, some large increase in fluctuations associated with the passage 
of the bore was observed. Peak fluctuations were reached shortly after the bore passage. 
The ensemble-averaged velocity characteristics measured by the two Profilers were compared at 
almost the same location; i.e., same z/d1 = 0.17 and y/B = 0.50, with a difference in x direction Δx = 
0.075 m. Figure 4-3 shows a set of typical results. The steady longitudinal velocity before the bore 
arrival measured by the two Profilers differed significantly, with smaller Profiler 2 measurements 
by almost 20%. This could be caused by the interactions between the two Profilers. During the 
rapidly-varied flow phase, associated with the bore passage, the two Profilers showed nearly 
identical results, with the same deceleration gradient and reaching almost the same values of 
recirculation velocity at the end of the deceleration phase. During the early flood tide phase 
immediately after the bore passage, the ensemble-averaged longitudinal velocity components 
measured by the two Profilers were very similar, with almost no difference in terms of the 
magnitudes and variations with time. 
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(B) Vy t(g/d1)1/2
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(C) Vz t(g/d1)1/2
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Fig. 4-2 – Ensemble-averaged time-variations of the longitudinal Vx, transverse Vy and vertical Vz 
velocity characteristics measured by Profiler 1 (left) at z/d1 = 0.17 (red), 0.09 (black) and 0.03 
(yellow), and Profiler 2 (right) at y/B = 0.47 (red), 0.48 (black) and 0.50 (yellow); ensemble-median 
velocity marked by solid lines, velocity fluctuations (V75-V25) marked by dotted lines; ensemble-
median depth denoted by black rounded symbols. 
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(A) Longitudinal velocity t(g/d1)1/2
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(B) Transverse velocity t(g/d1)1/2
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(C) Vertical velocity t(g/d1)1/2
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Fig. 4-3 – Ensemble-averaged time-variations of the longitudinal (A), transverse (B) and vertical (C) 
velocity components measured by Profilers 1 and 2 at z/d1 = 0.17, y/B = 0.50, x = 8.5 m and 8.425 
m respectively. 
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Although the two Profilers were separated by Δx  = 0.075 m, no discernible time lag was observed 
in terms of the timing of the longitudinal velocity deceleration, and in the acceleration of the 
vertical velocity. However, some time lag was observed in terms of the transverse velocity 
component (Fig. 4-3B). The ensemble-median transverse velocity showed some large fluctuation 
following the arrival of the bore. A peak in transverse velocity was noted for both Profiler 
measurements. The two peaks of the two instruments had a dimensionless time difference 
Δt×(g/d1)1/2 = 2.7, corresponding to a time difference of 0.36 s. With a local bore celerity of 1.14 
m/s, this would yield a length scale of 0.41 m, which was significantly larger than the physical 
distance Δx  = 0.075 m between the two instruments. This time lag was not caused by the difference 
in bore arrival times at the two instruments, but by the transverse motion of the bore itself. This 
could be confirmed by the ensemble-averaged vertical velocity data of the two Profilers. Both 
Profilers recorded an abrupt acceleration and deceleration of the vertical velocity with the bore 
passage. The results of the two Profilers almost overlapped during the acceleration then deceleration 
phase, highlighting a maximum vertical velocity nearly at the same time. The results demonstrated 
that the propagation of a tidal bore was a three-dimensional process, with turbulent properties 
rapidly-varied in all three directions. 
The velocity fluctuations showed general trends with some marked increase linked to the bore 
arrival in all directions, measured by the two Profilers. Profiler 1 measurements highlighted 
maximum velocity fluctuations occurred shortly after the bore arrival in the longitudinal, transverse 
and vertical directions for most of the data sets. Profiler 2 measurements were generally associated 
with larger velocity fluctuations in all directions compared to Profiler 1 measurements. Some data 
were associated with peaks in velocity fluctuations, and were more commonly observed in the 
transverse and vertical components. 
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5. TURBULENT REYNOLDS STRESSES 
The Reynolds stress tensor characterises a turbulent flow and is a result of the turbulent motion 
induced by velocity fluctuations and a subsequent increase of momentum exchange. A Reynolds 
stress tensor component e.g. τij where i, j = x, y, z is calculated as the fluid density ρ times the 
cross-product of the velocity fluctuations i.e. ρ×vi×vj. The instantaneous turbulent velocity 
fluctuation vi is the deviation of the measured velocity from the average velocity (BRADSHAW 
1971), calculated as: 
 i i iv = V - V   (5.1) 
where Vi is the measured instantaneous velocity and iV is the ensemble-median velocity in the 
present study, following CHANSON and DOCHERTY (2012). The flow conditions of the stress 
data were summarised in Table 5-1. 
 
Table 5-1 - Experimental flow conditions for Reynolds stress measurements in positive surges using 
ADV Profilers 
 
So Q 
 
(m3/s) 
d1 
 
(m) 
h 
 
(m) 
z/d1 
Profiler 1 
z/d1 
Profiler 2 
y/B 
Profiler 1 
y/B 
Profiler 2 
U 
 
(m/s) 
Fr1 Bore 
type 
Instrument 
0 
0 
0 
0.101 
0.101 
0.101 
0.174 
0.176 
0.176 
0 
0 
0 
0.01 - 0.20 
0.09 - 0.28 
0.23 - 0.43 
0.17 
0.26 
0.40 
0.5 
0.5 
0.5 
0.46 - 0.51 
0.46 - 0.51 
0.46 - 0.51 
1.15 
1.11 
1.18 
1.52 
1.50 
1.55 
Breaking 
Breaking 
Breaking 
Profiler array 
(1&2) 
0 
0 
0 
0.101 
0.101 
0.101 
0.175 
0.176 
0.177 
0 
0 
0 
N/A 
N/A 
N/A 
0.17 
0.26 
0.34 
N/A 
N/A 
N/A 
0.48 - 0.53 
0.48 - 0.53 
0.48 - 0.53 
1.08 
1.17 
1.08 
1.47 
1.55 
1.45 
Breaking 
Breaking 
Breaking 
Profiler 2 
only 
 
Figure 5-1 shows the ensemble-averaged time-variations of the six Reynolds stress components 
measured simultaneously by the two Profilers at similar locations (z/d1 = 0.17, y/B = 0.50 with a 
longitudinal separation of 0.075 m). The results measured by Profiler 1 highlighted some increase in 
stress magnitudes for all components associated with the tidal bore passage. In terms of the normal 
stress components vxvx, vyvy and vzvz, maximum ensemble-median stress magnitudes were reached 
shortly after the passage of the bore. This phenomenon was previously observed for Reynolds stress 
data derived from ADV and Profiler measurements (LENG and CHANSON 2016a,2017a). The 
magnitude of maximum ensemble-median normal stresses and the associated time lag were 
comparable to previous results using the ADV and Profiler. In terms of tangential stress 
components, the value of the tangential stress component vxvy became mainly negative in the later 
stage of the flood tide phase after the passage of the bore. During the steady flow phase, the 
ensemble-median tangential stress component vxvy fluctuated about zero, with comparable negative 
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and positive stress magnitudes. After the bore passage (dimensionless time ~ 65), the ensemble-
median vxvy were mainly negative. The same was observed for the tangential stress component vxvz, 
which was mainly negative during the steady flow phase and became positive shortly after the bore 
passage, then became negative again, with much smaller average stress magnitudes. 
The results of Profiler 2 showed different fluctuations and magnitudes, despite a sampling point 
which was located very close to the Profiler 1 sampling volume. In general, the ensemble-median 
stress magnitudes measured by Profiler 2 were higher, especially for the components associated 
with vx and vy. This was consistent with the observation of velocity data, where the fluctuations 
were generally higher for the Profiler 2 results in particular during the steady flow phase. The 
velocity fluctuations in the steady flow phase recorded by Profiler 2, hence the Reynolds stress data, 
were considered inaccurate in terms of quantitative values because of the noise contribution in 
velocity variances. However, some similarities could still be seen between the stress data of the two 
instruments, for example the increase and peak in the ensemble-median normal stress vxvz after the 
bore arrival. The stress magnitudes and fluctuations of all components were smaller during the 
flood tide phase following the bore arrival. 
The stress fluctuations were characterised by their quartiles. For normal stress components, the 
fluctuations were characterised by the third quartile. Whereas for the tangential stress components, 
the fluctuations were characterised by the difference between the third and first quartiles (vivj)75-25. 
The time-variations of the stress fluctuations followed in general the trend in time variations of the 
ensemble-median stress, however with larger magnitudes. For the stress components that exhibited 
peaks after the bore passage, the stress fluctuations were often associated with peaks with 
approximately the same timing. The period of the oscillations of the stress fluctuations tended to be 
longer during the flood tide phase after the bore arrival, compared to the steady flow phase before 
the bore. 
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(A) Normal stress vxvx and tangential stress vxvy 
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 (B) Normal stress vyvy and tangential stress vyvz 
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 (C) Normal stress vzvz and tangential stress vxvz 
Fig 5-1 – Ensemble-averaged Reynolds stress components and stress fluctuations measured by 
Profiler 1 (left) at x = 8.5 m and 2 (right) at x = 8.425 m; Flow conditions: Q = 0.101 m3/s, Fr1 = 
1.52, z/d1 = 0.17, y/B = 0.50; tangential stress data offset by +0.005 for vxvz (Profiler 1) and +0.05 
for the rest; t = 0 at the gate closure. 
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(A) Tangential stress vxvy 
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(B) Tangential stress vxvz 
Fig. 5-2 – Probability density functions of the tangential Reynolds stress components vxvy (A) and 
vxvz (B) before, during and after the bore passage; results from Profiler 1 (left) at x = 8.5 m and 
Profiler 2 (right) at x = 8.425 m; vertical axis in log scale; Flow conditions: Q = 0.101 m3/s, Fr1 = 
1.52, z/d1 = 0.17, y/B = 0.50. 
 
The probability density functions of ensemble-median Reynolds stress components measured by the 
two Profilers at similar locations were analysed. Figure 5-2 shows typical results for the tangential 
components vxvy and vxvz before, during and after the bore passage. For each phase, 3 seconds of 
data were analysed, in accordance to previous studies on the PDF of Reynolds stresses from Profiler 
data (LENG and CHANSON 2016a,2017a). The PDF of tangential stress components measured by 
Profiler 1 showed Gaussian distribution before, during and after the bore arrival. The mean stresses 
of vxvy were approximately zero before and during the bore passage, with a preponderance of 
positive stresses relative to the mean. After the bore passage, the mean stress became negative and 
the predominant probability was associated with negative stress values. During the bore passage, 
the probability of large stress magnitudes increased, while after the bore passage the stress was 
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mainly negative. The tangential stress vxvz showed an asymmetrical single mode distribution, with a 
negative mode and preponderance in negative stresses throughout the bore propagation process. The 
stress magnitudes were lower during and after the bore, compared to before the bore. Positive 
stresses with comparatively larger probabilities were observed during the bore propagation. The 
results measured by Profiler 2 showed similar shape of distribution of tangential stress vxvy, 
however with larger probabilities at high stresses during and after the bore passage. The tangential 
stress vxvz measured by Profiler 2 were distributed almost symmetrically with a mean of 0 
throughout the bore propagation process. 
The probability density functions of the instantaneous Reynolds stresses were compared to past 
results using an ADV system (LENG and CHANSON 2017b). Figures 5-3 and 5-4 show typical 
results for normal and tangential Reynolds stress components during different phases of a bore 
propagation. Overall, the data sets agreed in terms of PDF shape for all flow phases. For a majority 
of datasets (~70%), the results of the two Profilers agreed quantitatively with the ADV results. For 
high stress magnitudes (> 10-40 Pa), the data of the two Profilers started to deviate from the ADV 
results by showing higher probability (~3%), compared to the ADV results (less than 1%). Further, 
the results of the two Profilers showed a better agreement to ADV data during the rapidly-varied 
flow and early flood tide phases (Fig. 5-3B,C & Fig. 5-4B,C), as compared to the initially steady 
flow phase. It was noted that, during the early flood tide phase (Fig. 5-4C), all datasets showed 
asymmetrical distribution of the probability of tangential stress component. The probability of 
negative tangential stress was higher than that of the positive stress. 
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Fig. 5-3 – Probability density functions of the instantaneous normal Reynolds stress component 
vxvx before (A), during (B) and after (C) the bore passage; Comparison between results of Profiler 1, 
2 and ADV (LENG and CHANSON 2017b); Flow conditions: Q = 0.101 m3/s, Fr1 = 1.52, y/B = 
0.50, z/d1 = 0.17 (Profilers) and 0.10 (ADV). 
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Fig. 5-4 – Probability density functions of the instantaneous tangential Reynolds stress component 
vxvy before (A), during (B) and after (C) the bore passage; Comparison between results of Profiler 1, 
2 and ADV (LENG and CHANSON 2017b); Flow conditions: Q = 0.101 m3/s, Fr1 = 1.52, y/B = 
0.50, z/d1 = 0.17 (Profilers) and 0.10 (ADV). 
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6. ONE-DIMENSIONAL TURBULENT TIME AND LENGTH SCALES 
6.1 PRESENTATION 
In turbulent flows, the normalised auto-correlation function Rii (τ) of the i-velocity fluctuations (i = 
x,y,z) for single point measurements is defined as: 
 i iii 2
i
v (t) v (t )R ( ) v
      (6.1) 
where τ is the time lag, vi is the instantaneous velocity fluctuations defined as i i iv = V - V ; Vi is the 
instantaneous velocity and iV is the instantaneous ensemble-median velocity of component i. For 
zero time lag, the auto-correlation function equals unity. For a non-zero time lag, the auto-
correlation function ranges from -1 to 1. The Eulerian integral time scale TE, also known as the 
auto-correlation time scale, is: 
 
ii(R 0)
E,i ii
0
T R ( ) d
 
     (6.2) 
for the velocity fluctuation component i, where Rii is the corresponding normalised auto-correlation 
function, and τ(Rii = 0) denotes the time lag of first crossing. The Eulerian integral time scale 
measures the longest connection in the turbulent behaviour of vi(τ), or the “memory time” of the 
turbulent flow (FAVRE 1965, HINZE 1975, CHANSON 2014). 
The turbulent integral length and time scales, on the other hand, represent the length scale of a 
characteristic eddy in the turbulent flow and the time scale for the eddy to dissipate, i.e. a “lifespan” 
(FAVRE 1965). By cross-correlating the instantaneous velocity signals between two points at (y1, z) 
and (y2, z), or (y, z1) and (y, z2), where y and z are respectively the transverse and vertical 
coordinates, the cross-correlation functions for the i-th velocity component in the two directions can 
be obtained respectively as: 
 y1,i y2,iy1y2,i 2 2
y1,i y2,i
v (t) v (t )R ( )
v v
  

 (6.3) 
 z1,i z2,iz1z2,i 2 2
z1,i z2,i
v (t) v (t )R ( )
v v
   

 (6.4) 
The turbulent length scale can thus be calculated respectively in the transverse and vertical 
directions for the i-th velocity component as: 
 
maxy
y,i y1y2,i max
0
L (R ) dy

   (6.5) 
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maxz
z,i z1z2,i max
0
L (R ) dz

   (6.6) 
where (Ry1y2,i)max and (Rz1z2,i)max are the respective peaks of the cross-correlation functions between 
the two points (y1, z) and (y2, z), and points (y, z1) and (y, z2); Δymax and Δzmax are the maximum 
separations between two points in the two directions. In this case, Δymax and Δzmax both equal 34 
mm. 
The turbulent integral time scale in the transverse and vertical directions for the i-th velocity 
component is defined as: 
 
maxy
y,i y1y2,i max y1y2,i
y,i 0
1T (R ) T dyL

     (6.7) 
 
maxz
z,i z1z2,i max z1z2,i
z,i 0
1T (R ) T dzL

     (6.8) 
where Ty1y2,i and Tz1z2,i are the integrals of the cross-correlation functions between the time lag 
associated with peak correlation and the first intersection of the function with zero in the z and y 
directions (FAVRE 1965). 
In the present study, simultaneous velocity measurements were performed using an array of two 
Profilers located very close to each other, with a longitudinal separation of 0.075 m. A dimensioned 
sketch of the setup is shown in Figure 6-1. The two Profilers recorded velocity data in profiles 
arranged respectively in the transverse and vertical directions (Fig. 6-1B). Both Profilers recorded 
35 points simultaneously, separated by 1 mm in a single sampling profile, and the two profiles were 
arranged orthogonal to each other with one overlapping point, albeit with a small longitudinal 
separation. Velocity data measured simultaneously by the two Profilers are presented and discussed 
in Chapter 4, and results at the overlapping sampling location in the y-z plane are compared in 
Figure 4-3. The turbulent time and length scales were calculated independently for both Profilers in 
this chapter. 
Since the propagation of tidal bore is an unsteady process, a time-average across the time span of 
the bore propagation process would be meaningless. Hence the analysis was carried out respectively 
for different flow phases. The propagation of a tidal bore was divided into three flow phases: an 
initially steady flow phase before the bore arrival, followed by a rapidly-varying flow phase during 
which the free-surface rises abruptly, then an early flood tide phase where the free-surface changes 
more gradually with large fluctuations. The definition of these flow phases are illustrated in Figure 
6-2. In the present study, an approach similar to the one used in LENG and CHANSON (2017a) 
was implemented for all data sets. During the steady flow phase before the bore arrival, cross-
correlation calculations were performed for velocity data over 60 s starting from the beginning of 
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the experiment. During the rapidly-varied flow phase (RVF), the calculations were performed only 
for data during the rapid flow deceleration (1 s to 3 s). The calculation of the early flood tide phase 
was performed for 10 s of data, starting from the end of the RVF phase. 
 
 
(A) The array of two Profilers viewed in elevation 
 
 
(B) The array of two Profilers viewed from upstream 
Fig. 6-1 – Dimensioned sketch of the setup of the array of the two Profilers. 
 
36 
 
Fig. 6-2 – Definition sketch of different flow phases during the propagation of tidal bores. 
 
6.2 TURBULENT TIME AND LENGTH SCALES MEASURED BY A SIDE-
LOOKING MOUNTED PROFILER 
A Vectrino II Profiler with a flexible head, when mounted in a side-looking way, could record the 
three velocity components (longitudinal, transverse and vertical) along a transverse horizontal 
profile composed of 35 sampling points, each being 1 mm apart. The mounting of the Profiler is 
sketched in Figure 6-3. The turbulent time and length scales in the transverse direction associated 
with the i-th velocity component were calculated by cross-correlating the two velocity signals of a 
reference point and all the other 34 points. The reference point in the present study was taken as the 
first point of a profile, located closest to the Profiler emitter. The transverse separation Δy ranged 
from 0 to 34 mm. 
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(A) Profiler 2 viewed in elevation 
 
 
(B) Profiler 2 viewed from upstream 
Fig. 6-3 – Dimensioned sketch of the setup of the single Profiler measurements (Profiler 2). 
 
Figure 6-4 shows typical cross-correlation functions Ryy of a side-looking mounted Profiler, for the 
velocity components in the longitudinal, transverse and vertical directions. At all transverse 
separations Δy, the cross-correlation functions Ryy,x, Ryy,y and Ryy,z demonstrated quasi-symmetrical 
bell shapes, with marked maxima or minima along the axis of symmetry. The maximum amplitude 
of the cross-correlation coefficient Rmax, could be positive or negative depending on the transverse 
separation, and occurred at a time lag for all velocity components and separations. This time lag, 
called optimum time lag Ti, varied with the transverse separation Δy. The maximum cross-
correlation coefficient Rmax also varied with time lag and space. Typical relationships between Rmax, 
Ti and the transverse separation distance from the reference point Δy are shown in Figure 6-5. 
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For all velocity components, the maximum cross-correlation coefficient Rmax, decreased with 
increasing separation distance Δy. For the longitudinal and vertical velocity components, Rmax 
became negative for Δy/B > 0.03. Since the first point of the transverse profile was located at y = 
0.333 m (Δy/B = 0) where y was zero at the right side wall, the points associated with negative Rmax 
were in fact points on the other side of the channel centreline. The magnitudes of negative Rmax 
generally increased with increasing distance from the centreline and reference point. This suggested 
some symmetry of flow properties, especially in the longitudinal and vertical directions, about the 
channel centreline. The optimum time lag Ti increased with increasing separation distance for the 
longitudinal velocity, then decreased with increasing distance beyond Δy/B ~ 0.035. Comparing the 
velocity component data, the cross-correlation functions of the longitudinal velocity were associated 
with a wider span of time lag before the first zero crossing, whereas the transverse components 
were associated with narrowest span, with the majority of them being 0. However the Rmax data for 
the transverse velocity component were overall the highest. Overall, the spatial variations of the 
maximum cross-correlation coefficient from the reference point compared well with past 
experimental findings by FAVRE (1965) in developing turbulent boundary layers. 
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 (C) Vertical velocity 
Fig. 6-4 – Cross-correlation functions of the (A) longitudinal, (B) transverse and (C) vertical 
velocity components measured at a number of transverse separations by a single side-looking 
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mounted Profiler during the initially steady flow; flow conditions: Q = 0.101 m3/s, d1 = 0.175 m, Fro 
= 0.63, x = 8.5 m, z/d1 = 0.17; same legend for all graphs. 
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Fig. 6-5 – Spatial variations of the maximum cross-correlation coefficient Rmax and optimum time 
lag Ti with transverse distance from the reference point during the initially steady flow; flow 
conditions: Q = 0.101 m3/s, d1 = 0.175 m, x = 8.5 m, Fro = 0.63, z/d1 = 0.17. 
 
Figure 6-6 illustrates typical cross-correlation functions at a range of transverse separation distances 
during the rapidly-varied and early flood tide phases, calculated for the longitudinal velocity 
component. The results showed similarities to the steady flow phase data, with quasi-symmetrical 
bell shapes and marked peaks near zero time lag. The maximum cross-correlation coefficient Rmax 
at different transverse separations showed a decreasing trend with increasing time lag during the 
rapidly-varied flow and early flood tide phases, consistent with the findings for the steady flow 
phase. During the early flood tide phase, the span of cross-correlation functions at all transverse 
separations seemed to widen compared to the data during the earlier two phases, yielding larger area 
under curves (Fig. 6-6B). 
Figure 6-7 shows a more detailed view of the same dataset illustrated in Figure 6-6B, highlighting 
cross-correlation functions calculated for the transverse range of Δy/B = 0.029 to 0.049 from the 
reference point, with Δy = 1 mm between each curve. The results featured two local peaks, as 
marked along the dash lines, one with positive time lags (black dash line) and one with negative 
time lags (red dash line). The magnitudes of the negative-lagged peaks were in general less than the 
positive-lagged ones. The double peaks in cross-correlation functions were more remarkable for 
Δy/B > 0.029. This suggested that the propagation of tidal bore is a three-dimensional phenomenon, 
with some significant transverse recirculation occurring after the bore passage. 
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(A) Rapidly-varied flow                                                 (B) Early flood tide 
Fig. 6-6 – Cross-correlation functions of the longitudinal velocity component measured at a number 
of transverse separations by a single side-looking mounted Profiler during the three phases of a bore 
propagation; flow conditions: Q = 0.101 m3/s, d1 = 0.175 m, Fr1 = 1.47, x = 8.5 m, z/d1 = 0.17; same 
legend for all graphs. 
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Fig. 6-7 – Cross-correlation functions of the longitudinal velocity component during the early flood 
tide phase: a zoomed view; each line denotes one cross-correlation function calculated between a 
transverse range of Δy/B = 28.6 to 48.6; flow conditions: Q = 0.101 m3/s, d1 = 0.175 m, Fr1 = 1.47, 
x = 8.5 m, z/d1 = 0.17. 
 
Figure 6-8 compares the variations of the maximum cross-correlation coefficient Rmax and optimum 
time lag Ti of the longitudinal velocity component with increasing transverse separations for 
different flow phases. The results were similar for the transverse and vertical velocity components. 
Overall, the maximum cross-correlation coefficient decreased with increasing transverse separation 
from the reference point for all velocity components during all flow phases, with similar rate of 
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decrease. The early flood tide phase was associated with highest values of Rmax for all separations 
and no negative Rmax. It was believed that since the early flood tide was associated with a large 
amount of air bubbles in the flow as a results of the bore propagation, the acoustic backscatter waws 
stronger overall, hence the higher signal correlation. The optimum time lag Ti was zero at close 
transverse distance to the reference point (Δy/B < 0.01) for all flow phases. With increasing 
transverse separations (0.01 < Δy/B < 0.03), Ti increased with increasing separations. During the 
rapidly-varied flow phase, the optimum time lag fluctuated between positive and negative values 
with a dimensionless time span between -1.5 to 1.5. During the early flood tide phase, Ti kept 
increasing with increasing transverse separation until Δy/B > 0.045, where it became negative. The 
range of variation in optimum time lag during the early flood tide phase was the largest, from -1.5 
to 2.5 in dimensionless form. 
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Fig. 6-8 – Spatial variations of the maximum cross-correlation coefficient Rmax and optimum time 
lag Ti of the longitudinal velocity component with transverse distance from the reference point 
during the three flow phases; flow conditions: Q = 0.101 m3/s, d1 = 0.175 m, Fro = 0.63, x = 8.5 m, 
z/d1 = 0.17. 
 
6.3 TURBULENT TIME AND LENGTH SCALES MEASURED BY AN ARRAY 
OF TWO PROFILERS 
6.3.1 Space-time cross-correlations in the vertical and transverse directions 
In the present setup, the wake of the upstream Profiler (Profiler 2) affected adversely the signal of 
the downstream Profiler (Profiler 1) in the initially steady flow. The characteristic frequency of the 
cross-correlation functions was coupled with the intruding nature of the stem rod, yielding a 
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Strouhal number of 0.18 (1), close to the vortex shedding frequency behind a circular cylinder for 
large Reynolds numbers Re = 102 to 105 (CHANSON 2014). Such a periodicity in the cross-
correlation functions was believed to be caused by the vortex shedding in the wake of the upstream 
Profiler. During the rapidly-varied flow phase of the bore propagation and shortly after the bore 
passage, the periodicity in the signal cross-correlation disappeared, as the vortex formed 
downstream of Profiler 2 and no longer affected the sampling volume of Profiler 1. A more detailed 
discussion is presented in Appendix C. 
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(A) Rapidly-varied flow phase 
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(B) Early flood tide phase 
Fig. 6-9 – Cross-correlation functions of the longitudinal velocity component measured by an array 
of two Profilers – Profiler 1 (left) and 2 (right), during the rapidly-varied flow phase (A) and the 
early flood tide phase (B); flow conditions: Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.01-
0.20, y/B = 0.46-0.51; same legend for all graphs. 
 
Figure 6-9 shows typical cross-correlation functions of the two Profilers measured simultaneously, 
                                                 
1 based upon the stem diameter and a spatially-averaged longitudinal velocity. 
43 
during and after the bore passage. The cross-correlations were calculated respectively for Profiler 1 
and 2, for velocity signals at different vertical separations and at different transverse separations. 
The results of Profiler 1 were overall comparable to previous data collected using the same 
instrument (LENG and CHANSON 2017a). During the early flood tide phase, no marked local 
maxima or minima were highlighted after the first zero. The positive peaks, while also decreasing 
with increasing vertical separation, were associated with negative time lags. This indicated that the 
coherent structures during that phase were generated next to the bed before moving upwards in the 
water column. The results of Profiler 2 were identical to those sampled alone by the same 
instrument (Fig 6-4 and 6-6), despite larger energy contained in the region of negative cross-
correlation highlighted by larger negative maxima. 
6.3.2 Turbulent time and length scales 
The turbulent time and length scales were calculated using Equation (6.5) to (6.8) for measurements 
with single and two Profilers, independently. Tables 6-1 and 6-2 present a selection of results, with 
some comparison to past experimental results (SIMON and CHANSON 2013, LENG and 
CHANSON 2017a). A complete set of results is detailed in Tables C-2 to C-3, Appendix C. For all 
flow conditions sampled alone or in an array, the turbulent length scales in the present study were of 
an order of magnitude of 10-2 m to 10-3 m, and time scales were between 10-2 s and 10-1 s, 
corresponding to a dimensionless length scale of L/d1 ~ 0.01-0.1 and a dimensionless time scale of 
T×(g/d1)1/2 ~ 0.1-1.0. Both Profilers gave very close results, and the data trend with change of flow 
phases was similar for both Profilers. 
Different flow phases were associated with different time and length scales, highlighted by 
measurements of both Profilers. During the early flood tide phase, both the time and length scales 
were the largest for all velocity components at all vertical elevations, i.e. Lyy,i ~10-2 m and Tyy,i ~10-1 
s. The length scale during the early flood tide phase could be twice as large as that during the steady 
flow phase, whereas the time scale could an order of magnitude larger. The length scale data of 
Profiler 2 were larger in general in the transverse velocity direction Lyy,y/Lyy,x ~ 2 to 3. The length 
scale data of Profiler 1 on the other hand showed larger length scales in the direction of the vertical 
velocity component Lzz,z/Lzz,x ~ 2. This could be linked to the orientation of the two sampling 
profiles, one of which was oriented vertically and the other one was oriented transversely. The 
spatial ranges of detection for the two profiles were maximised respectively along their oriented 
dimensions, hence the anisotropic turbulent properties. However, past experimental studies showed 
that open channel flows in a laboratory channel presented three-dimensional anisotropy, with 
turbulent length scale being larger in the longer dimension (usually the stream-wise dimension) 
(FAVRE 1965, NAKAGAWA and NEZU 1981). Herein, the passage of the bore was associated 
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with large increase in turbulent intensity and mixing, marked by longer time and length scales of the 
turbulent coherent structures underneath the flow. 
The present data compared well with previous experimental data, with similar magnitudes in 
turbulent time and length scales. During the early flood tide phase, the present data were an order of 
magnitude higher than the findings of SIMON and CHANSON (2013) for both time and length 
scales. This difference can be attributed to the size difference of the experimental facility and 
instrumentation spatial resolution. The present study was performed in a much larger facility with 
much higher Reynolds numbers, as well as with simultaneous sampling for 34 transverse 
separations. The results were ensemble-averaged over 25 runs. In comparsion, SIMON and 
CHANSON (2013) measured 6 transverse separations with experiments repeated 5 times for each 
separation i.e. not simultaneously. The present data set was associated with finer spatial resolution 
and stronger time correlations. The present data, sampled alone, or with another Profiler, showed 
little difference in terms of values of the turbulent time and length scales compared to the data 
LENG and CHANSON (2017a,b). 
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Table 6-1 – Turbulent time and length scales calculated from the ensemble-averaged Profiler 2 data (Profiler 2 sampled alone): Comparison with 
Profiler 2 results when sampled simultaneously with Profiler 1 and past data (SIMON and CHANSON 2013). 
 
     Steady Early flood tide Steady Early flood tide 
Present Study Q 
(m3/s) 
d1 
(m) 
z/d1 Fr1 Lyy,x/d1 Tyy,x×(g/d1)1/2 Lyy,x/d1 Tyy,x×(g/d1)1/2 Lyy,y/d1 Tyy,y×(g/d1)1/2 Lyy,y/d1 Tyy,y×(g/d1)1/2 
Profiler 2 (sampled alone) 0.101 0.175 0.17 1.47 0.029 0.307 0.069 1.670 0.069 0.150 0.131 3.339 
0.101 0.176 0.26 1.55 0.034 0.328 0.097 0.791 0.080 0.127 0.136 3.546 
0.101 0.177 0.34 1.45 0.028 0.253 0.079 1.213 0.079 0.127 0.130 3.328 
Profiler 2 (sampled with Profiler 1) 0.101 0.174 0.17 1.52 0.023 0.195 0.063 1.870 0.052 0.128 0.132 3.364 
0.101 0.176 0.26 1.50 0.017 0.351 0.068 1.814 0.045 0.194 0.114 2.180 
0.101 0.176 0.40 1.55 0.011 0.127 0.051 1.187 0.034 0.082 0.131 3.158 
SIMON and CHANSON (2013) 0.053 0.112 0.11 1.59 0.036 0.374 0.036 0.356 0.054 0.168 0.063 0.365 
0.27 0.054 0.524 0.063 0.543 0.089 0.187 0.089 0.459 
0.45 0.054 0.290 0.054 0.468 0.089 0.159 0.089 0.477 
0.63 0.045 0.103 0.063 0.477 0.080 0.122 0.080 0.346 
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Table 6-2 – Turbulent time and length scales calculated from the ensemble-averaged Profiler 1 data (sampled with Profiler 2): Comparison with past 
results of Profiler 1 sampled alone (LENG and CHANSON 2017a). 
 
    Steady RVF  Early flood tide Steady RVF  Early flood tide Steady  RVF  Early 
flood 
tide 
 
Present 
Study 
Q 
(m3/s) 
d1 
(m) 
(z/d1)max Fr1 Lzz,x/ 
d1 
Tzz,x 
×(g/d1
)1/2 
Lzz,x/ 
d1 
Tzz,x 
×(g/d
1)1/2 
Lzz,x/ 
d1 
Tzz,x 
×(g/d1)1
/2 
Lzz,y/ 
d1 
Tzz,y 
×(g/d1
)1/2 
Lzz,y/ 
d1 
Tzz,y 
×(g/d
1)1/2 
Lzz,y/ 
d1 
Tzz,y 
×(g/d1)1
/2 
Lzz,z/ 
d1 
Tzz,z 
×(g/d
1)1/2 
Lzz,z/ 
d1 
Tzz,z 
×(g/d
1)1/2 
Lzz,z/ 
d1 
Tzz,z 
×(g/d
1)1/2 
Profiler 1  0.101 0.174 0.20 1.52 0.029 0.481 0.046 0.353 0.057 1.524 0.034 0.113 0.034 0.195 0.063 2.072 0.046 0.263 0.063 0.435 0.098 2.448 
0.101 0.176 0.28 1.50 0.023 0.269 0.028 0.105 0.063 1.560 0.034 0.067 0.040 0.217 0.051 1.038 0.045 0.373 0.045 0.246 0.102 1.949 
0.101 0.176 0.43 1.55 0.017 0.276 0.034 0.224 0.057 1.530 0.028 0.037 0.023 0.075 0.051 1.269 0.034 0.284 0.040 0.172 0.080 1.717 
LENG and 
CHANSON 
(2017a) 
0.099 0.169 0.20 1.60 0.041 0.556 0.053 0.305 0.059 1.600 0.024 0.084 0.024 0.107 0.053 1.653 0.053 0.160 0.053 0.198 0.089 1.722 
0.173 0.58 1.60 0.040 0.505 0.058 0.143 0.052 1.559 0.023 0.045 0.029 0.090 0.046 1.069 0.058 0.151 0.046 0.136 0.104 2.583 
0.170 0.74 1.60 0.018 0.046 0.053 0.076 0.053 1.375 0.018 0.023 0.029 0.038 0.047 0.843 0.076 0.205 0.088 0.144 0.118 2.287 
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7. TWO-DIMENSIONAL TURBULENT TIME AND LENGTH SCALES 
7.1 PRESENTATION 
The cross-correlation functions Ryz,i, where i denotes the velocity component: i = x,y,z, were 
calculated between the velocity signals of the two Profilers to examine the turbulent scales in the 
plane formed by the two sampling profiles which were arranged perpendicular to each other (Fig. 7-
1). The calculation was carried out by cross-correlating the instantaneous velocity fluctuations vi 
between signals of the two Profilers measured simultaneously. As the ensemble-averaged 
experiments were repeated 25 times, the velocity fluctuation vi was estimated as i i iv = V - V , where 
Vi and iV  are respectively the instantaneous and ensemble-averaged velocity of component i over 
the 25 repeats. Figure 7-1 shows a schematic description of how the calculations were performed 
between signals of the two sampling volume. Namely, for each point (y1n, z1n) in the sampling 
profile of Profiler 1 with n ranging from 1 to 35, the velocity fluctuation data vi were cross-
correlated between (y1n, z1n) and a point (y2n, z2n) in the sampling profile of Profiler 2 using: 
 1 1 2 2n n n n
1 1 2 2n n n n
(y ,z ),i (y ,z ),i
yz,i 2 2
(y ,z ),i (y ,z ),i
v (t) v (t )R ( )
v v
 

  (7.1) 
where each overbar denotes an ensemble-average process. In the following section, this approach 
was applied to all three velocity fluctuation components, as well as to the tangential Reynolds stress 
components vxvy, vxvz and vyvz. 
 
 
Fig. 7-1 – Cross-correlation calculation between the two sampling profiles of Profiler 1 and 2: a 
graphic description (looking downstream). 
 
Noise issues with Profiler measurements need to be considered when interpreting the space-time 
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cross-correlation data. In the present study, the two sampling profiles of the Vectrino II Profilers 
were intersected at their respective "sweet spots" (1). While cross-correlation calculations were 
performed for all points throughout the sampling volume, it is acknowledged that the signals near 
the two ends of the sampling profiles were of poor quality, and may yield low-to-no correlation. 
Simply, outside the “sweet spots”, the data might not be a true representation of the flow physics. 
 
7.2 SPACE-TIME CROSS-CORRELATIONS IN A TWO-DIMENSIONAL PLANE 
The cross-correlation functions Ryz showed similar bell-shapes to those of the functions calculated 
for the velocity data of Profiler 1 and 2 respectively. The majority of the data were associated with a 
maximum cross-correlation coefficient Ryz,max at a negative time lag (Fig. 7-2). Figure 7-2 presents 
typical ensemble-averaged results of the cross-correlation functions Ryz,i during the steady flow 
phase.  The largest values of Ryz,max were observed between the vertical elevations z/d1 = 0.10-0.15 
and transverse locations y/B = 0.47-0.48, which was approximately at the first one third of the two 
sampling volumes (2), corresponding to the "sweet spots" of the sampling profiles. The position of 
the maximum value of Ryz,max was not at the point X where the two sampling volumes intersected in 
the y-z plane, i.e. z/d1 = 0.172, y/B = 0.5, but slightly lower in terms of vertical elevation, and more 
towards the right sidewall. The maxima in cross-correlation functions increased first as the y- and z-
coordinates increased, then decreased with increasing y- and z-coordinate, after the peak value was 
reached at z/d1 = 0.10-0.15 and y/B = 0.47-0.48. Away from both emitters (z/d1 < 0.06 and y/B > 
0.50), the correlations between the two Profiler signals were weak and barely showed any marked 
peaks. Compared to single Profiler measurements, the cross-correlations between the two probes 
were in general weaker, with the peak coefficient being an order of magnitude smaller. 
During the rapidly-varied flow and early flood tide phases, all cross-correlation functions showed a 
double-peak pattern, marked by the red dashed line and by the black dashed line in Figure 7-3. One 
peak corresponded to a positive peak in cross-correlation, while the other often presented a negative 
cross-correlation. The two peaks were associated with a negative and positive time lag for the 
rapidly-varied flow phase, while both peaks were linked to positive time lags for the early flood tide 
phase. During the RVF phase, the peaks showed comparable magnitudes, although one peak was 
always negative. During the early flood tide phase, the positive peaks were mostly associated with 
larger magnitudes, compared to the negative peaks. For all three phases, maximum values of peak 
                                                 
1 The "sweet spots" corresponded to the one third to one half of the sampling profile, usually the 10th to 20th 
points, where the signal quality was the best (CRAIG et al. 2011, ZEDEL and HAY 2011, MACVICAR et 
al. 2014, LENG and CHANSON 2016b,2017a,b, DILLING and MACVICAR 2017). 
2 The first point of the sampling volume was counted as the point located the closest to the ADV emitter. 
Hence the first one third of a sampling volume represents the 10th ~ 12th points out of the total 35 points out 
of a sampling profile. 
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coefficient Ryz,max were found at z/d1 = 0.10-0.15 and y/B = 0.47-0.48, i.e. at the first third of the 
two sampling profiles. For higher vertical elevations (0.20 < z/d1 < 0.43), the positions of the 
maximum peak cross-correlation were consistent with observations at lower vertical elevations (at 
the first third of the two sampling profiles). 
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(A) Longitudinal velocity component                      (B) Transverse velocity component 
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(C) Vertical velocity component 
Fig. 7-2 - Cross-correlation functions between velocity signals of two Profilers in the longitudinal 
(A), transverse (B) and vertical (C) directions during the steady flow phase; flow conditions: Q = 
0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, x = 8.5 m, y/B = 0.46-0.51, z/d1 = 0.00-0.20; same legend for 
all graphs. 
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Fig. 7-3 - Cross-correlation functions between velocity signals of two Profilers in the longitudinal 
direction during the rapidly-varied flow (left) and early flood tide phases (right); flow conditions: Q 
= 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, x = 8.5m, y/B = 0.46-0.51, z/d1 = 0.00-0.20. 
 
The contours of maximum cross-correlation coefficients Rmax were drawn, where Rmax = maximum 
of Ryz,i at an optimum time lag Ti on the plane formed by the two orthogonal velocity profiles. 
Typical results were shown in Figure 7-4 for the longitudinal velocity component during three 
different flow phases of tidal bore propagation. The horizontal and vertical axes are respectively the 
absolute transverse and vertical coordinates, where the transverse coordinate y = 0 at the right 
sidewall and the vertical coordinate z = 0 at the channel bed. During the steady flow phase, the 
results highlighted two large coherent structures formed towards the upper left corner of the 
sampling plane. The approximate transverse and vertical length scales of each structure, denoted 
respectively ye and ze, are defined in Figure 7-4A left. The size of the coherent structures 
corresponded to a maximum transverse length scale of ye/B = 0.015 (ye/d1 = 0.06) and maximum 
vertical length scale of ze/B = 0.035 (ze/d1 = 0.14), where B is the channel width (B = 0.7 m) and d1 
is the initially steady flow depth (d1 = 0.174 m). A similar pair of coherent structures was found in 
the iso-correlation contours, calculated from the transverse and vertical velocity components, 
suggesting that the structures were three dimensional. The coherent structures, highlighted by iso-
correlation contours of transverse velocity components, showed more elongation in the transverse 
direction whereas the structures from the vertical velocity correlations showed more elongation in 
the vertical direction. The flow coherence could be linked to some “hairpin” vortex, formed in 
turbulent boundary flow near the bottom boundary (THEODORSEN 1952, NAKAGAWA and 
NEZU 1981, WALLACE 2013). Direct numerical simulation of steady flows at low Reynolds 
number showed the y-z cross-sectional view of the hairpin vortex being very similar to the shape 
highlighted in Figure 7-4 (ZHOU et al. 1999, ADRIAN 2007). The coherent turbulent structures 
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observed in the present study showed similar dimensionless size compared to previous numerical 
studies (ZHOU et al. 1999, ADRIAN 2007). 
The optimum time lags Ti corresponding to the iso-correlation contours of the maximum space-time 
correlation coefficients are presented in Figure 7-4 right. Viewed in three-dimensions, the optimum 
time lag Ti in the initially steady flow showed an increase from negative to positive lags with 
increasing transverse and vertical directions. It was noted that, near the bottom and right boundary 
of the sampling plane (z/B < 0.015 and y/B > 0.51), the maximum cross-correlation coefficients 
Rmax were smaller than 0.02, and the optimum time lag might not be physically meaningful. 
Nevertheless, the optimum time lags highlighted organised motions of turbulence next to the 
channel bed in the steady open channel flows. Within the sampled y-z plane and during the initially 
steady flow, coherent structures were formed near the right side wall, and moved up in the vertical 
direction towards the channel centreline. 
During the rapidly varied flow phase corresponding to the rapid bore passage, the magnitudes of 
Rmax decreased throughout the sampled plane. The iso-correlation contour lines expanded and 
seemingly merged into one large scale coherent structure. The maximum width of the structure was 
ye/B ~0.05 (ye/d1 ~ 0.20) and the maximum height was ze/B ~ 0.046 (ze/d1 ~ 0.19) (Fig. 7-4A left). 
The optimum time lags, on the other hand, showed an overall increase in positive values during the 
two highly unsteady flow phases (Fig. 7-4B & C right). Compared to the initially steady flow phase, 
the optimum time lags during the RVF phase showed quasi-homogeneity in the vertical direction. It 
consistently increased with increasing transverse coordinates for all vertical elevations. The time 
lags decreased from positive to negative with distance away from the channel centreline, indicating 
organised turbulent motions from the right side wall towards the channel centreline during the RVF 
phase, encompassing the entire vertical sampling frame. 
During the early flood tide phase following the RVF phase, the single large-scale structure broke up 
into two coherent structures, the dimensions of which were much larger compared the steady flow 
phase. The boundary of the iso-correlation lines at the edge of these coherent structures was out of 
the sampling frame (Fig. 7-4C left). The vertical size of the coherent structures was ze/B ~ 0.05 
(ze/d1 ~ 0.20) and the maximum width of each pocket was at least ye/B ~ 0.02 (ye/d1  0.080). 
During the early flood tide phase, the optimum time lags showed positive values near the left and 
right edges of the sampling plane (y/B ~ 0.46 and y/B ~ 0.51), and slightly negative values in the 
middle of the sampled plane. The results highlighted turbulent motions initiated in the middle of the 
sampling frame and moving in the two opposite directions of the transverse axis.  
 
52 
  
(A) Steady flow phase 
  
(B) Rapidly-varied flow phase 
  
(C) Early flood tide 
Fig. 7-4 – Contours of maximum cross-correlation coefficients Rmax (left) and optimum time lag Ti 
(right) between the longitudinal velocity components sampled by the two Profilers during the three 
flow phases of bore propagation; black solid lines denote location of the two sampling profiles; 
flow conditions: Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.00-0.20, y/B = 0.46-0.51. 
ze 
ye 
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Table 7-1 – Transverse and vertical length scales ye and ze of coherent structures highlighted by iso-
correlation contours of the maximum cross-correlation coefficient Rmax for three velocity 
components during different flow phases. 
 
So Q 
(m3/s) 
d1 
(m) 
h 
(m) 
Fr1 X location Velocity 
component 
Steady RVF Early flood tide 
ye/B ze/B ye/B ze/B ye/B ze/B 
0 0.101 0.174 0 1.5
2 
z/d1 = 
0.17 
y/B = 0.50 
Longitudinal (Vx) 0.02 0.04 0.05 0.05 0.02 0.05 
Transverse (Vy) 0.02 0.02 N/A N/A 0.02 0.01 
Vertical (Vz) 0.01 0.03 N/A N/A N/A N/A 
 
Notes: X is the point of intersection of two Profilers' sampling volumes in the y-z plane; The two 
sampling volumes had a longitudinal distance of 0.075 m; N/A denotes the absence of detectable 
large-scale coherent structure in the y-z plane. 
 
Table 7-1 summarises the transverse and vertical length scales of the coherent structures, for the 
three velocity components Vx, Vy and Vz during each different flow phase. During the rapidly-
varied flow phase, the coherent structures found in the transverse and vertical velocity components 
broke up and were associated with no clear boundaries, hence the "N/A" input. During the early 
flood tide phase, the structure in the vertical velocity direction was not well defined either. Despite 
being indefinite in some flow phases, the coherent structure projected in the y-z plane expanded in 
the longitudinal velocity component as the bore passed. For the transverse velocity component, the 
structure was transversely stretched after the bore passage in the early flood tide phase. 
At the highest range of vertical elevations (z/d1 = 0.23 – 0.43), the results showed some notable 
difference compared to the lowest range of vertical elevations. Figure 7-5 shows iso-correlation 
contours of Rmax measured in a y-z plane with y/B = 0.46 – 0.51 and z/d1 = 0.23 – 0.43 during the 
initially steady flow. For all velocity components, the results highlighted two seemingly isolated 
coherent structures, one spanned a lower vertical range (z/d1 = 0.26 – 0.40) and one, apparently 
initiated and detached from the lower structure, spanning a higher vertical range (z/d1 = 0.4 – 0.425). 
The lower structure (z/d1 < 0.25), as shown in Fig. 7-5B, could correspond to some structure 
observed at lower vertical elevations (as in Fig. 7-4). The upper structure showed various shapes 
and sizes for different velocity components, and differed slightly from the structure observed at 
lower vertical elevations. Overall, the upper coherent structure appeared to be vertically elongated 
with space-time cross-correlations of the transverse velocity component, and transversely elongated 
with space-time cross correlations of the vertical velocity component. The results suggested that, at 
a higher vertical elevation, turbulent structures were formed probably by detachment from coherent 
structures generated near the bed, then evolving in a three-dimensional manner. The length scale of 
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the width and height of the detached turbulent structure were comparable to the one formed near the 
bed. The difference in terms of transverse and vertical dimensions from different velocity 
components could be linked to the shearing of the fluid at such locations, resulting in the structure 
to distort and rotate in response to the shear stresses. 
 
 
(A) Longitudinal velocity component                          (B) Transverse velocity component 
 
(C) Vertical velocity component 
Fig. 7-5 – Contours of maximum cross-correlation coefficients Rmax calculated from the 
longitudinal, transverse and vertical velocity components sampled by the two Profilers during the 
initially steady flow; black solid lines denote location of the two sampling profiles; flow conditions: 
Q = 0.101 m3/s, d1 = 0.176 m, Fr1 = 1.52, z/d1 = 0.23-0.43, y/B = 0.46-0.51. 
 
The space-time cross-correlations of the instantaneous tangential Reynolds stress components vxvy, 
vxvz and vyvz were further calculated. The full details are reported in Appendix F. The maximum 
cross-correlation coefficients of ensemble-median cross-correlation functions throughout the plane 
were drastically smaller, compared to results from the velocity fluctuations. Out of the three 
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tangential stresses, only the vyvz component exhibited a distinctively marked peak in terms of the 
cross-correlation functions, with a maximum about one order of magnitude lower than velocity 
component results. Such a finding was deemed reasonable considering that the cross-correlation 
calculations were performed across the y-z plane, and hence the shear stress component vyvz would 
be expected to play a predominant role. Typical iso-correlation contours of the maximum cross-
correlation coefficients calculated from the instantaneous stress component vyvz are presented in 
Figure 7-6, for the highest range of vertical elevations within the experimental flow conditions. The 
iso-correlation contours of vyvz showed two crests in Rmax (highlighted by dashed circles), 
corresponding to the two positions where the centre of coherent structures were observed in Figure 
7-5B and 7-5C. These crests were associated with large values of Rmax, which could represent two 
peaks of localised shear stress. This could explain the shape of the iso-correlation contours of the 
transverse and vertical velocity components, where the effect of localised tangential stress vyvz 
resulted in stretches of coherent structures in the respective transverse and vertical directions. 
 
  
Fig. 7-6 – Contours of maximum cross-correlation coefficients Rmax calculated from the 
inatantaneous tangential Reynolds stress component vyvz sampled by the two Profilers during the 
initially steady flow; black solid lines denote location of the two sampling profiles; flow conditions: 
Q = 0.101 m3/s, d1 = 0.176 m, Fr1 = 1.52, z/d1 = 0.23-0.43, y/B = 0.46-0.51. 
 
7.3 INTEGRAL AND TURBULENT SCALES IN THE TWO-DIMENSIONAL Y-Z PLANE 
The integral time Tin may be calculated from the space-time cross-correlation functions between the 
velocity signals sampled by the two Profilers. The integral time Tin is defined as the integral of the 
cross-correlation functions with respect to the lag in time, between the optimum time lag Ti and the 
56 
first zero of the function after Ti as: 
 
yz,i
yz ,i max
(R 0)
in yz,i
(R R )
T R ( ) d


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

   (7.2) 
where Ryz,i(τ) is the cross-correlation coefficient of the velocity component i (i = x,y,z) calculated 
between sampling points of Profiler 1 and 2 in a y-z plane. In Equation (7.2), Tin is positive and the 
units are seconds. Tin represents the longest connection in the turbulent behaviour of the 
investigated velocity or velocity fluctuation, also referred to as the “memory time” of the turbulent 
flow (FAVRE 1965, HINZE 1975, CHANSON 2014). Typical results in the initially steady flow 
are shown in Figure 7-7 for all velocity components. In Figure 7-7, the contour values stand for the 
magnitudes of Tin in seconds throughout the investigated y-z plane. Note that the Tin data were post-
processed to remove spurious data when the associated Rmax was small and not meaningful (e.g. 
Rmax < 0.1) or the optimum time lag was too large (e.g. Ti > 0.1 s). Overall the "memory time" Tin 
ranged from 0 to 0.05 s for all flow phases. Similarities may be found with the iso-correlation 
contours of the respective velocity components (Fig. 7-4), where areas of significant Tin values 
coincided with areas of large cross-correlation coefficients of velocity fluctuations. The magnitudes 
of Tin were overall higher for the longitudinal velocity component, i.e. maximum Tin < 0.05 s, and 
lower for the transverse velocity component, i.e. maximum Tin < 0.03 s. The results indicated that 
the flow before the tidal bore was three-dimensional, anisotropic, and possibly associated with a 
longer coherence in the longitudinal direction compared to the other two flow directions. 
During the following two flow phases (3), the integral time Tin showed some drastic changes. Figure 
7-8 illustrates typical results during the RVF and early flood tide phases, for the longitudinal 
velocity component. The results were very consistent for the other two velocity components. During 
the RVF phase, the magnitudes and total area for Tin > 0.01 s remained similar to those for the 
steady flow phase, but the position of the contour line Tin = 0.01 s shifted slightly towards the 
channel centreline. During the early flood tide phase, the values of Tin were overall one order of 
magnitude higher, i.e. from 10-2 s to 10-1 s. The area of regions with high Tin (Tin > 0.01 s) also 
expanded significantly in terms of both transverse and vertical dimensions. The changes in 
"memory time" Tin during different flow phases of a bore propagation followed the same trend with 
the evolution of the coherent structures, as found in iso-correlation contours of maximum cross-
correlations of velocity fluctuations. 
Altogether, the Rmax, Ti and Tin data seemed to suggest that (1) some large coherent coherent 
structures were formed within the sampled y-z plane; (2) these structures were three-dimensional 
and anisotropic; (3) the size of these coherent structures expanded during and after the bore passage; 
                                                 
3 That is, the rapidly-varied flow (RVF) flow phase and the early flood tide phase. 
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and (4) the motion of the bore passage focalised the structures towards the channel centreline within 
the sampled y-z plane. 
 
  
(A) Longitudinal velocity component                          (B) Transverse velocity component 
 
(C) Vertical velocity component 
Figure 7-7 – Contours of the integral time Tin (s) of the space time cross-correlation functions of the 
longitudinal, transverse and vertical velocity components sampled by the two Profilers during the 
initially steady flow; flow conditions: Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.00-0.20, 
y/B = 0.46-0.51. 
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(A) RVF                                                                         (B) Early flood tide 
Figure 7-8 – Contours of the integral time Tin (s) of the space time cross-correlation functions of the 
longitudinal velocity component sampled by the two Profilers during the rapidly-varied flow and 
early flood tide phases; flow conditions: Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.00-0.20, 
y/B = 0.46-0.51. 
 
The turbulent integral area of a large scale coherent structure in the y-z plane may be deduced from 
the maximum cross-correlation coefficient Rmax as: 
 max maxz y max0 0A R dz dy
       (7.3) 
where Δzmax and Δymax are respectively the maximum vertical and transverse separation distance 
equal to 0.034 m herein for both directions. The maximum cross-correlation coefficient Rmax is a 
surface function in the y-z plane. A threshold Rmax > 0.1 was applied herein to filter out signals with 
negligible correlations. Further, the associated turbulent time scale of such structure was estimated 
as: 
 max maxz y max in0 0
1T R T dz dyA
        (7.4) 
where Tin is the optimum time lag associated with Rmax where it satisfies Rmax > 0.1, and A is the 
area scale. Table 7-2 summarises the results of the present study. The area scale Ayz,i and time scale 
Tyz,i in the y-z plane are calculated respective for the three velocity components Vi with i = x,y,z 
and for the three flow phases associated with tidal bore propagations. 
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Table 7-2 – Turbulent area scale and associated integral time scale in the y-z plane. 
 
Reference So Q  
(m3/s) 
d1  
(m) 
h 
(m) 
z/d1  
  
y/B 
  
Fr1 X location 
1a 0 0.101 0.174 0 0.01 - 0.20 0.46 - 0.51 1.52 z/d1 = 0.17 
y/B = 0.50 
1b 0 0.101 0.176 0 0.09 - 0.28 0.46 - 0.51 1.5 z/d1 = 0.26 
y/B = 0.50 
1c 0 0.101 0.176 0 0.23 - 0.43 0.46 - 0.51 1.55 z/d1 = 0.40 
y/B = 0.50 
 
 Steady      RVF      Early flood tide     
Ref
. 
Ayz,x 
(mm2) 
Tyz,x 
(s) 
Ayz,y 
(mm2) 
Tyz,y 
(s) 
Ayz,z 
(mm2) 
Tyz,z 
(s) 
Ayz,x 
(mm2) 
Tyz,x 
(s) 
Ayz,y 
(mm2) 
Tyz,y 
(s) 
Ayz,z 
(mm2) 
Tyz,z 
(s) 
Ayz,x 
(mm2) 
Tyz,x 
(s) 
Ayz,y 
(mm2) 
Tyz,y 
(s) 
Ayz,z 
(mm2) 
Tyz,z 
(s) 
1a 54.6 0.048 130.18 0.017 47.41 0.016 60.26 0.029 0.34 0.017 0 0 162.07 0.194 227.1 0.210 0 0 
1b 26.71 0.031 139.69 0.011 37.53 0.016 36.34 0.019 11.89 0.007 0 0 191.84 0.197 88.08 0.116 0 0 
1c 4.61 0.070 129.56 0.009 46.23 0.019 63.68 0.027 0.42 0.022 0.84 0.02 130.64 0.130 77.64 0.134 90.73 0.134 
 
Note: Italic input: suspicious data 
 
60 
The turbulent area scale of a coherent turbulent structure in the y-z plane showed a variety of 
magnitudes for the longitudinal, transverse and vertical velocity components during the initially 
steady flow, ranging from 4 mm2 to 230 mm2. The area scale for the transverse velocity component 
seemed to be consistently larger than the area scales for the other two velocity components in the 
steady flow phase, with Ayz,y/Ayz,x ~ 2 to 28 and Ayz,y/Ayz,z ~ 2 to 4. The surface area time scale in 
the steady flow ranged from 0.007 s to 0.210 s for all velocity components. At different vertical 
elevations, the integral area and time scales showed some variation. The area scale for the 
longitudinal velocity component decreased with increasing vertical elevations. The integral area 
scales in the y and z-velocity components only fluctuated ±10-20%, as the vertical elevation 
increased. The time scale for the longitudinal and transverse velocity components showed a 
common trend, decreasing with increasing vertical elevation, whereas for the vertical velocity 
component, it varied with no obvious trend. During the rapidly-varied flow phase, the maximum 
cross-correlation coefficient Rmax throughout the y-z sampling plane decreased generally, with the 
integral area scale in some velocity component decreasing down to zero, when the Rmax data were 
all less than 0.1, e.g. Ayz,z and Tyz,z = 0 in Table 7-2. For data with large correlation, the area scale 
increased as the flow phase changed from steady to rapidly-varied, e.g. Ayz,x in RVF/ Ayz,x in steady 
flow = 1.1 to 14. The surface area time scale data showed little difference between the RVF and 
steady flow phases. 
During the early flood tide phase, both the area and time scale were associated with drastic 
increases for all velocity components at all vertical elevations, despite a few suspicious data 
highlighted in italic font (Table 7-2). For the longitudinal velocity component, the integral area 
scale was 27 times larger than during the steady flow, whereas the integral time scale was 10 times 
longer that in the steady flow, for the transverse velocity component. The results showed some 
qualitative similarity to the one-dimensional (1D) turbulent time and length scales, calculated 
respectively for the y and z coordinates (Fig. 7-9). Figure 7-9 presents a comparison between the 
dimensionless turbulent scales calculated in the 1D and 2D data. The 2D dimensionless area scales 
were of the same order of magnitudes as the product of the 1D dimensionless length scales in the 
respective y and z directions. During the steady flow phase (Fig. 7-9A), the length and area scales 
showed consistent trends, decreasing with increasing vertical elevation. As the tidal bore propagated, 
the length and area scales became larger during the rapidly varied flow phase, becoming the largest 
during the early flood tide phase. The time scales, on the other hand, showed similar and consistent 
dimensionless values regardless of the 1D or 2D nature. The time scales, both 1D and 2D, were 
larger during the early flood tide phase, and lower during rapidly varied flow phase, with the steady 
flow phase showing medium values. Overall, the 2D turbulent area and time scales confirmed that 
the propagation of tidal bores is a highly unsteady turbulent process, with large coherent anisotropic 
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turbulent structures formed beneath and behind the bore front. 
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Fig. 7-9 – Comparison of the dimensionless turbulent length (area) and time scales measured in the 
one-dimensional transverse y, vertical z directions and the two-dimensional y-z plane; data 
calculated from the longitudinal velocity component for different flow phases. 
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8. VELOCITY GRADIENT TENSOR, STRAIN RATE TENSOR AND 
VORTICITY 
8.1 PRESENTATION 
Studies of direct numerical simulations in incompressible, homogeneous and inhomogeneous 
turbulence indicate that, in regions of high kinetic energy dissipation rate, the geometry of the local 
velocity gradient field has a universal character (CANTWELL 1993). To further develop the 
understanding of the precise structure and dynamics of inhomogeneous turbulence in a spatially and 
temporally varying turbulent flow, important characteristics such as the instantaneous velocity 
gradient tensor need to be derived (McKEON et al. 2007). The nine simultaneous components of 
the velocity gradient tensor field at a point in space (x, y, z) at a time t can be expressed as: 
 
x x x
i
y y y
j
z z z
V / x V / y V / zV V / x V / y V / zx V / x V / y V / z
                       
  (8.1) 
where Vx is the instantaneous longitudinal velocity component, Vy is the instantaneous transverse 
velocity component and Vz is the instantaneous vertical velocity component; i and j denote the x, y 
and z coordinate directions. The vorticity vector at this point and time can thus be determined from 
the velocity gradient tensor since: 
 yzx
VVω y z
     
  (8.2) 
 x zy V Vω z x
         (8.3) 
 y xz
V Vω x y
     
  (8.4) 
where ωx, ωy and ωz stand for the vorticity component about the x, y and z axes respectively 
(CHANSON 2014). The three shear components of the strain rate tensor are hence: 
 yxxy
VV1S 2 y x
     
  (8.5) 
 y zyz
V V1S 2 z y
     
  (8.6) 
 z zzx V V1S 2 x x
         (8.7) 
The enstrophy ωiωi, enstrophy production rate ωiSijωi, and the kinetic-energy dissipation rate 
2SijSij may thus be calculated from the above quantities, and used to characterise the small scale 
turbulence in the open channel shear flows. 
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Table 8-1 – Ensemble-averaged experimental flow conditions at the intersection X of the sampling 
profiles measured by an array of two Profilers, inclusive of all experimental flow conditions 
 
Reference So Q 
(m3/s) 
d1 
(m) 
h 
(m) 
z/d1 y/B Fr1 X location 
1a 0 0.101 0.174 0 0.01 - 0.20 0.46 - 0.51 1.52 z/d1 = 0.17 
y/B = 0.50 
1b 0 0.101 0.176 0 0.09 - 0.28 0.46 - 0.51 1.5 z/d1 = 0.26 
y/B = 0.50 
1c 0 0.101 0.176 0 0.23 - 0.43 0.46 - 0.51 1.55 z/d1 = 0.40 
y/B = 0.50 
 
Note: X: point of intersection of two Profilers' sampling volumes in the y-z plane. 
 
 
Fig. 8-1 – Velocity gradient, strain rate and vorticity calculation based upon the two sampling 
profiles of Profiler 1 and 2: a definition sketch. 
 
In the present study, the velocity gradient tensor ∂Vy/∂z and ∂Vz/∂y and its ensemble-averaged 
time-variations were derived from the Profiler 1 and 2 measurements. The two sampling profiles 
had one intersection point X for each of the three vertical elevations (Fig. 8-1). At the point of 
intersection X, the velocity gradient tensor components ∂Vy/∂z and ∂Vz/∂y were both known, and 
the vorticity about the x-axis ωx and the shear component of the strain rate tensor Syz were 
calculated. Table 8-1 summarises the experimental flow conditions, for which ensemble-averaged 
measurements were conducted, including the y and z coordinates of the point of intersection X (1). 
                                                 
1 The two Profilers were located at slightly different longitudinal locations (Profiler 1 at x = 8.5 m and 
Profiler 2 at x = 8.425 m). Thus the point X was only a point of intersection in the y-z plane. 
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8.2 ENSEMBLE-AVERAGED VELOCITY GRADIENT AND FLUCTUATIONS 
The ensemble-averaged variations of velocity gradient tensor ∂Vy/∂z with respect of time and 
vertical elevation z are presented in Figure 8-2. The dimensionless time t×(g/d1)1/2 = 0 corresponds 
to the Tainter gate closure, and the bore arrival time at the velocity sampling location is highlighted 
by the arrow and thick black line. The initially steady flow was observed from t×(g/d1)1/2 = 0 to the 
bore arrival time. The velocity gradient tensor ∂Vy/∂z showed a meandering pattern throughout time 
and space i.e. the vertical dimension z, with one band corresponding to a negative gradient (dark 
blue colour) and one band corresponding to a positive gradient (light green colour) (Fig. 8-2A). The 
two bands appeared alternatively in the vertical dimension and were associated with rapid 
fluctuations in the dimension of time. The dimensionless period of these large fluctuations was 
roughly T×(g/d1)1/2 ~10, corresponding to a period of T ~ 1 s in dimensional form. 
With the arrival of the bore, the free-surface rose up abruptly and the flow decelerated rapidly at all 
vertical elevations on the sampling profile. The rapid deceleration phase took approximately 1.3 s, 
corresponding to a dimensionless duration t×(g/d1)1/2 ~ 10. During the rapid deceleration, the 
velocity gradient tensor ∂Vy/∂z showed some drastic fluctuations in both time and space. 
Immediately after the rapid deceleration, the flow was unsteady and relatively gradually-varied, and 
the velocity gradient magnitudes were significantly smaller, compared to the initial steady flow 
phase. A large portion of the vertical profile was associated with zero velocity gradient as 
highlighted by the light blue colour (Fig. 8-2A). In Figure 8-2A, the darker blue bands, indicating 
slightly negative velocity gradient, appeared alternatively with the bands of zero velocity gradient, 
albeit with lesser strength. Some large oscillation period T×(g/d1)1/2 ~ 20 (T ~ 2 s) was observed for 
bands of negative velocity gradient during the unsteady gradually-varied flow phase.  
  
(A) Space-time contour of the ensemble-averaged velocity gradient tensor ∂Vy/∂z (s-1) 
Bore arrival 
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(B) Space-time contour of the velocity gradient fluctuation of tensor component ∂Vy/∂z (s-1) 
Fig. 8-2 – Space-time contour of ensemble-averaged velocity gradient and velocity gradient 
fluctuations of tensor component ∂Vy/∂z during the propagation of breaking bores; flow conditions: 
Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.00-0.20, y/B = 0.46-0.51. 
 
The space-time variations of the fluctuations of velocity gradient tensor ∂Vy/∂z are shown in Figure 
8-2B. The velocity gradient fluctuations were calculated at each vertical elevation z at an instant t 
by taking the difference between the third and first quartiles (75%-25% of the data sample). For 
example, the fluctuation of the velocity gradient ∂Vy/∂z at time t is: 
 y y y
fluc 75 25
V V V
z z z
                    
 (8.8) 
where the subscripts 75 and 25 denote the percentiles. For a data set with Gaussian distribution, the 
difference between the 75th and 25th percentiles is equivalent to 1.3 times the standard deviation. 
During the initially steady flow before the bore arrival, the majority of the vertical profile was 
associated with velocity gradient fluctuations between 16 s-1 and 25 s-1, except for the upper one 
third of the profile and at the lower end of the profile. At the upper one third of the profile (z/d1 = 
0.125 – 0.175), low fluctuations were observed (~ 10 – 16 s-1), as well as near the bottom of the 
profile, which was next to the channel bed (z/d1 < 0.025). When the breaking bore arrived, the 
velocity gradient fluctuations reacted with some time lag to the sudden change in flow. That is, the 
velocity fluctuations maintained the same space-time distributions as in the initially steady flow for 
a short period of time (dimensionless time ~ 10), before decreasing in magnitude. The time delay in 
reaction to the bore passage was approximately the same as the time span for the rapid flow 
deceleration. It implied that although the velocity gradient field changed drastically during the 
rapidly-varied flow phase, the field of velocity gradient fluctuations did not change as much. 
Bore arrival 
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Another feature shown by the fluctuation data was the reaction time, which varied with different 
vertical elevations, as seen by Figure 8-2B. Namely, it took longer for the velocity gradient 
fluctuations to react to the bore passage in the upper water column, compared to lower water 
column. Immediately after the RVF flow phase (2), the fluctuations in velocity gradient throughout 
the entire vertical profile decreased significantly, with a pocket of zero fluctuations occurring at 
dimensionless time > 126 and vertical elevations between 0.1 < z/d1 < 0.175 (purple colour). 
The results in terms of velocity gradient tensor ∂Vz/∂y are shown in Figure 8-3. A similar 
alternating pattern between slightly positive and negative gradient values was observed in the 
space-time variations before the bore arrival. With the bore passage, the velocity gradient fluctuated 
rapidly throughout the transverse profile. After the bore passage, the magnitudes of the velocity 
gradient tensor ∂Vz/∂y were smaller for the majority of the transverse profiles, and close to zero. 
The fluctuations of the velocity gradient tensor ∂Vz/∂y were consistently low (less than 25 s-1) for 
the majority of the transverse profile in the initially steady flow. The propagation of the breaking 
bore caused the fluctuations to decrease with time, with different reaction times at different 
transverse locations. As the transverse distance y from the right sidewall increased, the velocity 
gradient fluctuations reacted less rapidly to the bore passage and started to decrease in magnitudes 
with a longer time delay. Overall, the ensemble-averaged space-time variations of the velocity 
gradient tensors ∂Vy/∂z and ∂Vz/∂y showed some similar trend, with comparable data range and 
fluctuation magnitudes. 
 
8.3 ENSEMBLE-AVERAGED VORTICITY AND STRAIN RATE  
The present study conducted ensemble-averaged unsteady flow experiments using an array of two 
Profilers, with the two sampling profiles arranged orthogonal to each other. The two profiles had a 
point of intersection X, with the same y and z coordinate (Fig. 8-1). At this intersection X, the 
vorticity around the longitudinal x axis and the strain rate in the y-z plane were calculated using 
Equations (8.2) and (8.6). Turbulent characteristics including enstrophy ωxωx, enstrophy production 
rate ωxSyzωx, and the kinetic-energy dissipation rate 2SyzSyz were derived from the vorticity and 
strain rate data. Since the flow field in breaking bores was highly turbulent and unsteady, all 
turbulent characteristics were analysed for three different flow phases: an initially steady flow phase 
before the bore arrival, followed by a rapidly-varying flow (RVF) phase during which the free-
surface rises abruptly, then an early flood tide phase where the free-surface changes more gradually 
with large fluctuations. A graphical definition of the three flow phases were given in Figure 6-2. 
 
                                                 
2 That is, the rapid flow deceleration phase. 
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(A) Space-time contour of the ensemble-averaged velocity gradient tensor ∂Vz/∂y (s-1) 
 
(B) Space-time contour of the velocity gradient fluctuation of tensor component ∂Vz/∂y (s-1) 
Fig. 8-3 – Space-time contour of the ensemble-averaged velocity gradient and velocity gradient 
fluctuations of tensor component ∂Vz/∂y during the propagation of breaking bores; flow conditions: 
Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.00-0.20, y/B = 0.46-0.51. 
 
 
Bore arrival 
Bore arrival 
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Table 8-2 – Ensemble-averaged vorticity, strain rate, enstrophy, enstrophy production rate, and the kinetic-energy dissipation rate at the intersection X 
of the sampling profiles measured by an array of two Profilers in a breaking bore, inclusive of all experimental flow conditions 
 
Steady     RVF     Early flood tide    Reference 
ωx 
(s-1) 
Syz 
(s-1) 
ωxSyzωx 
(s-3) 
2SyzSyz 
(m2s-3) 
ωxωx 
(s-2) 
ωx 
(s-1) 
Syz 
(s-1) 
ωxSyzωx 
(s-3) 
2SyzSyz 
(m2s-3) 
ωxωx 
(s-2) 
ωx 
(s-1) 
Syz 
(s-1) 
ωxSyzωx 
(s-3) 
2SyzSyz 
(m2s-3) 
ωxωx 
(s-2) 
1a -17.31 9.82 2943.57 1.9310-4 299.80 -20.03 10.26 4116.07 2.1010-4 401.27 -11.64 5.36 725.31 5.7410-5 135.43 
1b 3.70 1.72 23.56 5.9310-6 13.69 0.75 -0.17 -0.10 5.9010-8 0.57 0.03 0.15 0.00 4.2210-8 0.00 
1c -0.56 1.54 0.49 4.7610-6 0.32 -5.67 1.51 48.56 4.5710-6 32.14 3.28 -1.64 -17.59 5.3710-6 10.73 
 
Notes: The experimental conditions corresponding to references 1a, 1b and 1c are detailed in Table 8-1; For all turbulent statistics in the table, the 
data were averaged over 60 s during the steady flow phase, over 1 to 3 s during the rapidly-varied flow phase (RVF) starting at the initiation of flow 
deceleration, and over 10 s for the early flood flow phase starting at the end of the RVF phase. 
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Table 8-2 summarises the results in terms of the vorticity, strain rate, enstrophy, enstrophy 
production rate and kinetic-energy dissipation rate for the present study. The vorticity ωx and strain 
rate Syz were associated with both positive and negative values with a wide range of span, with an 
order of magnitude ranging from 10-2 s-1 to 10 s-1, at different vertical elevations during different 
flow phases. The flow vorticity, at the intersection X, showed a tendency to decrease in magnitude 
with increasing vertical elevation, with the vorticity being negative, and largest in magnitude at the 
lowest vertical elevation. At the lowest vertical elevation and during different flow phases, the 
vorticity magnitudes increased in the rapidly-varied flow phase, compared to the initially steady 
flow phase. After the bore passage, the vorticity magnitudes decreased and became lower than 
during the steady flow phase, while staying negative throughout the three flow phases. The vorticity 
at the two higher vertical elevations fluctuated during the three flow phases. Since the vorticity at 
higher vertical elevations ranged from 100 s-1 to 10-2 s-1 in magnitude, hence the flow could be 
considered almost irrotational in the upper water column (z/d1 > 0.20). 
Figure 8-4 shows a comparison of the vorticity ωx and strain rate Syz during different flow phases at 
different vertical elevations. A key feature highlighted by the results was that both vorticity and 
strain rate, at the intersection point X, were associated with largest magnitudes at the lowest vertical 
elevation. Further, both the vorticity and strain rate presented the largest magnitudes during the 
rapidly-varied flow phase at the lowest vertical elevation. The results suggested: (a) the flow before, 
during and after the bore propagation was highly turbulent, with intensive vortex motions occurring 
mostly in the lower water column; (b) the passage of breaking bore caused the flow to rapidly 
decelerate, which induced energetic vortical structures to form and amplified vortex motion at the 
lower vertical elevations. 
 
Discussion 
KHEZRI (2014) conducted 2D CFD modelling of breaking bores propagating in open channel 
flows and documented vorticity fields beneath the bore and in the initially steady flow. Her data 
showed vorticity ωy ranging from 0 to -150 s-1 beneath the bore front very close to the bed (z/d1 = 0). 
Despite the difference in the axis of rotation, the results agreed in terms of order of magnitude with 
the present study. Further, KHEZRI (2014) observed large vortical structures forming next to the 
bed underneath the toe of the breaking bore, with a vertical dimension close to the initial steady 
flow depth. The vorticity decreased with increasing vertical elevation and increased with the 
passage of the breaking bore (KHEZRI 2014). With undular bores, 3D CFD modelling showed 
vorticity ωy ranging from -20 s-1 to 50 s-1 throughout the water column (SIMON 2014). The 
magnitude in vorticity decreased with increasing vertical elevation and increased as the bore front 
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propagated passed the probing point. 
In summary, the present study agreed with past CFD numerical data qualitatively and quantitatively 
in terms of order of magnitude. 
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(A) Vorticity ωx                                                       (B) Strain rate Syz 
Fig. 8-4 – Comparison of vorticity ωx and strain rate Syz during different flow phases (steady flow, 
rapidly-varied flow and early flood tide) at the intersection points X with locations y/B = 0.5, z/d1 = 
0.17, 0.26 and 0.40. 
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9. CONCLUSION 
New experiments were conducted in a large facility to study the unsteady turbulent properties of 
tidal bores propagating in open channel flows. The study involved a new measurement system 
consisting of an array of two Profiler velocimeters, installed perpendicular to each other, in a large-
size laboratory flume (19 m long, 0.7 m wide). The space-time correlation analyses characterised 
the turbulent time and length scales along the vertical and transverse directions. Further signal 
processing methods were developed to characterise two-dimensional space-time correlations in the 
y-z plane. The turbulent time and length scales were deduced for the different flow phases of a 
positive surge: in the initially-steady flow before the bore, during and after the tidal bore 
propagation. 
Initial tests were conducted with a single instrument, a NortekTM ADV Vectrino II Profiler equipped 
with a three-dimensional flexible-head, mounted horizontally. Ensemble-averaged velocity 
measurements were performed using the new Profiler (“Profiler 2”) alone, as well as sampled 
together with a traditional fixed-stem Vectrino II Profiler (“Profiler 1”) mounted vertically. The 
novel works encompassed velocity profiling in unsteady turbulent flows using an array of two 
velocity Profilers, sampled and synchronised together at close range. Present results demonstrated 
that the flexible-head Profiler (“Profiler 2”) gave satisfactory performance in a highly unsteady 
turbulent flow, when mounted in a side-looking fashion. It is acknowledged that the intrusive nature 
of the instrument probe and its support affected the velocity signals of downstream instruments. 
However the velocity signal sampled by Profiler 2 itself was not adversely affected. The ensemble-
averaged velocity and Reynolds stress characteristics measured by Profiler 2, alone or in an array, 
were very similar to previous experiments using Profiler 1 alone and a single (traditional) ADV 
system, although it is acknowledged that the ADV Vectrino II Profiler instrument has intrinsic 
limitations at both ends of the sampling profile. 
The one-dimensional (1D) turbulent time and length scales in the transverse or vertical directions 
were comparable in magnitudes, for the same flow phase, with the turbulent length scale ranging 
from 10-3 m to 10-2 m and turbulent time scales from 10-2 s and 10-1 s. The turbulent scale data 
indicated that the propagation of tidal bores was an anisotropic process, with larger length scales in 
the transverse component, compared to the longitudinal and vertical velocity components. The two-
dimensional cross-correlation data in the y-z plane, formed by the two sampling profiles of the 
Profiler array, showed the existence of large scale coherent structures underneath the free-surface. 
These structures usually formed in pairs, with a cross-sectional shape in the y-z plane similar to that 
of some hair-pin vortex. The transverse and vertical length scales of such structures ranged from 
0.01 to 0.05 times the channel width. The length scales tended to increase during and after the bore 
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passage, compared to those during the initially steady flows.  
With simultaneous velocity measurements conducted in the transverse y and vertical z directions, 
the vorticity and strain rate were determined experimentally, at the point of intersection of the two 
sampling profiles. Both strain rate and vorticity reached maximum values in the lower water 
column next to the channel bed, and during the rapidly-varied flow (RVF) phase associated with the 
bore passage. The results suggested the formation of large-scale coherent structures next to the 
channel bed caused by boundary shearing, followed by break-up into smaller structures/eddies as 
the vortices travelled upward into the water column, in the initially steady flow. When the flow 
became unsteady and rapidly-varied with the passage of the bore, larger vortical structures were 
created and the vortical motion next to the bed was amplified. 
In summary, measurements with an array of two ADV Profilers provided a deeper insight into the 
hydrodynamics and turbulent properties underneath an unsteady flow with bore propagation. The 
results overall suggested that the propagation of tidal bores is a dynamically-active process, with the 
existence of large scale coherent motions, vortical structures and intense turbulent mixing occurring 
underneath. 
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APPENDIX A. STEADY FLOW EXPERIMENTS USING A 
HORIZONTALLY-MOUNTED VECTRINO II PROFILER 
A.1 PRESENTATION 
A Nortek Vectrino II profiling velocimeter is a high-resolution acoustic Doppler velocimeter, which 
used the technology of coherent Doppler processing to the measure instantaneous velocity in water 
flows (Nortek 2012). The applications of the velocimeter could be vast, varying from laboratory use 
to field observations such as in rivers and oceans (Nortek 2012). Compared to the traditional 
Vectrino+ acoustic Doppler velocimeter (ADV), the advantage of a Vectrino II Profiler is its 
capability to simultaneously measure the instantaneous velocity in a profile, which may contain up 
to 35 sampling points of 1 mm size. The performance of a Nortek Vectrino II profiling velocimeter 
(referred to as “Profiler” in the following text) in steady and unsteady open channel turbulent flows 
were previously studied by LENG and CHANSON (2017a,b). The study demonstrated satisfactory 
performances of the Vectrino II Profiler in measuring the highly-fluctuating velocity properties in 
open channel turbulent flows, such as during a tidal bore propagation. Issues of the Vectrino II 
Profiler included inaccurate time-averaged velocity at certain positions beneath the flow, as well as 
wrong estimation of velocity variances except at the sample “sweet spot”. Other experimental 
studies by CRAIG et al. (2011), ZEDEL and HAY (2011), MACVICAR et al. (2014) and 
DILLING and MACVICAR (2017) also documented the issues and advantages associated with the 
use of a Vectrino II Profiler in turbulent flows. In summary, previous experimental results for 
application of a Vectrino II Profiler in turbulent flows were encouraging, while careful post-
processing and validation of raw data must be carried out. 
The present study is an extension of LENG and CHANSON (2017a,b), whereby a new Profiler with 
a flexible probe mounted side-looking was introduced (Hardware ID VNO 1436, firmware ID 
1950). The side-looking Profiler was equipped with one central emitter and four receivers, able to 
record velocity component in the longitudinal, transverse and vertical directions. The Profiler was 
placed perpendicular to the stream-wise flow direction, with the receiver for the longitudinal 
velocity aligned with the positive main flow direction (Fig. A-1). Hence, a 35 mm transverse profile 
was sampled simultaneously by the side-looking Profiler, with 35 sampling points contained within 
the profile. The first point of the sampling profile was set to be 40 mm away from the centre of the 
emitter. The sampling frequency was set at 100 Hz. Figure A-1 presents respectively a photograph 
and a coordinated sketch of the side-looking Profiler. 
Steady flow experiments were performed systematically under controlled flow conditions using the 
side-looking flexible-head Vectrino II Profiler before any unsteady flow measurements. The 
purpose of these experiments was to test the performance of the new instrument, and validate its 
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data against previous experimental results measured, by a Vectrino+ ADV and a down-looking 
fixed-probe Vectrino II Profiler, under the same flow conditions. The experimental channel was 19 
m long, 0.7 m wide with a rectangular prismatic cross-section and a horizontal slope. The side-
looking Profiler was placed at mid-channel (x = 8.5 m where x was measured from the channel 
upstream end). The flexible-head was fixed on a rigid metal rod, which was then fixed to a firm 
steel trolley by a bracket. The trolley was designed to be able move the bracket in the transverse (y) 
and vertical (z) directions. Hence this enabled the measurements to be conducted at different 
transverse and vertical locations. Figure A-2 shows a sketch of the experimental channel and the 
instrument setup. The steady flow conditions tested were summarised in Table A-1, and the 
experimental configuration of the Profiler was shown in Figure A-3. For all flow conditions, 
velocity was sampled continuously at 100 Hz for 90 s and the results were time-averaged. 
The output data were post-processed by the MATLAB program VTMT version 1.1, designed and 
written by Jan BECKER from Federal Waterways Engineering and Research Institute (BAW), 
Karlsruhe (BECKER 2014). In steady flows, the post-processing of ADV Vectrino II Profiler data 
included the removal of data with average correlation values less than 60% and average signal to 
noise ratio less than 5 dB. In addition, the phase-space thresholding technique developed by 
GORING and NIKORA (2002) was applied to remove spurious points in the data set. 
 
    
Fig. A-1 – Photograph (left) and coordinated sketch (right) of a side-looking flexible-head Vectrino 
II Profiler, viewed from the left sidewall. 
 
direction of flow 
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Fig. A-2 – Side view of the experimental channel and instrument setup. 
 
Table A-1 – Experimental flow conditions for steady flow experiments (Side-looking mounted 
Profiler). 
 
Date So Q (m3/s) d1 (m) Fro Reo z/d1 y/B Remarks 
10/08/15 0 0.101 0.174 0.63 573,237 0.17-0.86 0.48-0.52 Velocity range 1 m/s 
11/08/15 0 0.101 0.174 0.63 573,237 0.17 0.22-1.00 Velocity range 1 m/s 
      0.19-0.86 0.95-1.00 Velocity range 1 m/s 
      0.19-0.86 0.80-0.85 Velocity range 1.5 m/s 
      0.17-0.86 0.64-0.69 Velocity range 1.5 m/s 
 
 
Fig. A-3 – Configuration settings of the ADV Vectrino II Profiler (1). 
 
                                                 
1 The velocity range may be modified for some series of experiments. See Remarks in Table A-1. 
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A.2 RESULTS 
Steady flow measurements were conducted across the channel centreline using a side-looking 
flexible-head Vectrino II Profiler at different vertical elevations below the free-surface (2). The 
results were compared to previous experimental data conducted in the same channel for the same 
flow conditions using a ADV Vectrino+. Figure A-4 shows typical transverse profile of the 
longitudinal velocity and velocity fluctuations in all three directions measured by the Profiler, with 
comparison to previous ADV data. Note that the ADV data were point measurements, sampled at 
200 Hz for 60 s on the channel centreline. The ADV data were collected in the same experimental 
facility using the same flow conditions as the Profiler measurements, despite being conducted one 
year prior to the Profiler study (LENG and CHANSON 2016a). 
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Fig. A-4 – Transverse profile of time-averaged longitudinal velocity, velocity fluctuations in all 
three directions; results compared to ADV measurements of the same flow condition at similar 
locations (LENG and CHANSON 2016a). 
 
For all vertical elevations, the side-looking mounted Profiler showed some good estimation of the 
time-averaged velocity for the majority of sampling points in a transverse profile (Fig. A-4). The 
velocity magnitudes agreed well with previous centreline ADV data at similar vertical elevations. A 
few outliers were observed, as marked in Figure A-4. Similar errors were previously documented by 
ZEDEL and HAY (2011), MACVICAR et al. (2014), and LENG and CHANSON (2017b). The 
                                                 
2 During the experiments, all receivers of the Profiler were always under water. 
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number and proportion of these outliers were small, usually less than 5 points in a 35-point 
sampling profile. Hence they can be easily identified and removed during data analysis.  
Previous studies also highlighted inaccurate estimation of root-mean-square (RMS) of the velocity 
data by a Profiler (ZEDEL and HAY 2011, MACVICAR et al. 2014, LENG and CHANSON 
2017b). The present study also found spurious shapes and values, in terms of the horizontal profile 
of velocity RMS, especially for the longitudinal component. The longitudinal velocity RMS vx’ 
showed a curved profile across the transverse sampling range (Figure A-4). Only a small portion of 
this profile was associated with meaningful values of standard deviations (y/B = 0.48 to 0.50), close 
to previous ADV data at similar vertical elevations. A few outliers were highlighted between y/B = 
0.484 and 0.490 (approximately 5 outlying points). The transverse and vertical velocity components 
showed better agreement with the ADV data, both in terms of time-averaged velocity and velocity 
fluctuations. 
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(A) Time-averaged velocity (B) Velocity fluctuations 
Fig. A-5 – Transverse profile of the time-averaged velocity components and associated fluctuations 
in all three directions; results compared to ADV measurements (LENG and CHANSON 2016a) of 
the same flow condition for a range of vertical elevations from z/d1 = 0.15 to 1.00. 
 
Figure A-5A shows the transverse profiles of the longitudinal, transverse and vertical velocity 
components at different vertical elevations from z /d1 = 0.17 to 0.86 (present study). The data was 
compared to velocity data measured by an ADV (LENG and CHANSON 2016a) with a vertical 
range of z/d1 = 0.15 to 1.00. The ADV data was point measurements conducted on the channel 
centreline, whereas the present data was profiled across the centreline. The results highlighted a 
number of features of the side-looking Profiler. Firstly, the Profiler seemed to estimate the 
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transverse and vertical velocity components with better accuracy, compared to the estimation of the 
longitudinal velocity component. The longitudinal velocity was better estimated at a certain 
transverse range encompassing the channel centreline (y/B = 0.490 to 0.515), and was poorly 
estimated at y/B = 0.485 – 0.49 and 0.515 – 0.525. The performance of the Profiler was consistent 
throughout the water column. That is, for a fixed transverse range, the shapes of the velocity 
profiles were self-similar at different vertical elevations. 
The transverse profiles of the velocity fluctuations at different vertical elevations, characterised by 
the standard deviations v’, were shown in Figure A-5B, with comparison to past ADV data. The 
longitudinal velocity fluctuations of the present study showed a curvy shape, with the higher 
fluctuations observed at the two ends of the profile and lower fluctuations at middle-left part of the 
profile. With increasing vertical elevations, the data quality of the longitudinal velocity fluctuation 
decreased, highlighted by consistent increase of standard deviation at the right end of the profile. 
The same trend was observed for the transverse velocity component. At lower vertical elevations, 
the data showed good agreement to the ADV results. With increasing vertical elevations, the 
transverse velocity fluctuations at the right end of the profile increased and deviated further from 
the ADV data range. The vertical velocity component was associated with better estimations in 
velocity fluctuations, with a comparatively flat profile throughout the vertical range. The 
magnitudes of the vertical velocity fluctuations in the present study were overall lower than that of 
the ADV. However, this could be due to a known limitation of ADV units, the receivers of which 
may be affected by the bed reflection when measuring the velocity properties (CHANSON et al. 
2007, DOCHERTY and CHANSON 2010). 
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Fig. A-6 – Transverse profile of time-averaged velocity components in three directions; results 
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compared to ADV measurements (LENG and CHANSON 2016a) of the same flow condition for 
the left-half channel width y/B = 0.4 to 1.0. 
 
Steady flow measurements were performed at different vertical elevations across the channel 
centreline, as well as at a range of transverse locations at a fixed vertical elevations (z/d1 = 0.17). As 
shown by the velocity characteristics of the centreline measurements (Fig. A-5), the data quality of 
the time-averaged velocity was independent of the vertical elevation, whereas the velocity 
fluctuations tended to show better data quality at lower elevations. Hence the lowest elevation z/d1 
= 0.17 was chosen to study the velocity characteristics and the performances of the Profiler at 
different transverse locations. The time-averaged velocity in the longitudinal, transverse and 
vertical directions throughout the left-half of the channel width is illustrated in Figure A-6. The 
results of the present study were compared to previous ADV data conducted on the channel 
centreline at similar vertical elevations. 
The time-averaged longitudinal velocity at all transverse locations were associated with some error 
data, and the transverse profile showed curvy shapes irrespective of the locations of the 
measurements. A sidewall boundary layer was highlighted near the left sidewall within the 
transverse range y/B = 0.95 to 1.00. Close to the centreline, the majority of the Profiler data tended 
to lie around the ADV data range. With increasing y towards the left sidewall, the longitudinal 
velocity, despite the erroneous ones, showed a general trend of increasing then decreasing to zero 
while approaching the boundary. The transverse velocity on the other hand showed better 
agreement to ADV data between y/B = 0.56 - 0.80. The vertical velocity showed a good agreement 
with the ADV data near the centreline. Overall, all three velocity components were associated with 
a number of error points, the occurrence of which was independent of the transverse and vertical 
locations. The percentage of errors, however, seemed to be proportional to the magnitude of the 
velocity or related to the velocity direction, as the error percentage of the longitudinal velocity was 
significantly larger than those of the transverse and vertical velocities. 
Figure A-7 shows the time-averaged vertical velocity profiles of the longitudinal velocity 
component at different transverse locations measured by the side-looking Profiler. Overall, all 
velocity profiler data highlighted the developing boundary layers with comparable thickness. Close 
to the free-surface (z/d1 = 0.9 - 1), the side-looking Profiler tended to overestimate the velocity 
magnitude, compared to the free-stream velocity at lower vertical elevations. This could be due to 
the interactions and wakes created between the probe and the free-surface. Within the boundary 
layer, the data were compared to previous experimental results measured by ADV and a down-
looking Profiler conducted on the channel centreline (Fig. A-7). The results showed good 
agreement in terms of the boundary layer thickness and velocity profile within the boundary layer, 
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between present and previous studies, for locations close to the channel centreline (y/B = 0.496 – 
0.500). Despite a comparable boundary layer thickness, the present data seemed to show a steeper 
velocity gradient inside the boundary layer with further distance from the channel centreline. 
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Fig. A-7 – Time-averaged vertical profiles of longitudinal velocity at different transverse locations; 
comparison with a down-looking Profiler (LENG and CHANSON 2017a) and ADV data (LENG 
and CHANSON 2016a); Q = 0.101 m3/s, d1 = 0.174 m, Fro = 0.63, y/B = 0.48 – 0.52. 
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Fig. A-8 – Time-averaged vertical profiles of the longitudinal velocity at different transverse 
locations; comparison with a down-looking Profiler (LENG and CHANSON 2017a) and ADV data 
(LENG and CHANSON 2016a); Q = 0.101 m3/s, d1 = 0.174 m, Fro = 0.63, y/B = 0.50 – 0.96. 
 
A-9 
y/B
V x
/V
1
0.945 0.95 0.955 0.96 0.965 0.97 0.975 0.98 0.985 0.99 0.995 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
z/d1=0.17 z/d1=0.26 z/d1=0.40 z/d1=0.86
 
Fig. A-9 – Developing boundary layer near the left sidewall; Q = 0.101 m3/s, d1 = 0.174 m, Fro = 
0.63, y/B = 0.95 – 1.00. 
 
The steady flow velocity characteristics were measured using the side-looking Profiler at select 
transverse locations from mid-channel to the left sidewall, with measurements performed at 
different vertical elevations for each location. The vertical profiles of the time-averaged 
longitudinal velocity were plotted, and the results were shown in Figure A-8. Overall, developing 
boundary layers were observed at all transverse locations. At the channel centreline, the boundary 
layer was thicker than those observed at locations further away from the centreline. The free-stream 
velocity associated with the two locations between mid-channel and sidewall (y/B = 0.66 and 0.81) 
was comparatively higher. The time-averaged longitudinal velocity near the sidewall was generally 
the lowest at all vertical elevations due to the presence of a sidewall boundary. 
A developing boundary layer was highlighted close to the channel sidewall between y/B = 0.95 to 
1.00. At different vertical elevations, the boundary layers showed different thicknesses and shapes. 
At the lowest elevation, the boundary layer was associated with smaller thickness and lower free-
stream velocity, as it is also within the boundary layer developed from the channel bed. The three 
higher vertical elevations were associated with comparable boundary layer thicknesses. The highest 
elevation z/d1 = 0.86 seemed to have the lowest free-stream velocity. The results could be 
inaccurate, which was caused by the interactions between the receiver and the wake of the probe 
intrusion near the free-surface. 
 
A.3 CONCLUSIONS 
New experiments were performed using a new instrument—a NortekTM Vectrino II acoustic 
Doppler profiling velocimeter, equipped with a side-looking flexible head mounted horizontally. 
Steady flow experiments were conducted using the new instrument across the channel width and at 
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different vertical elevations beneath the free-surface. The results showed that the side-looking 
mounted Vectrino II Profiler gave satisfactory time-averaged velocity data in the longitudinal, 
transverse and vertical directions. The velocity fluctuations, characterised by the RMS of the 
velocity data, were not estimated as well. Within a transverse profile, there were a number of points 
where the time-averaged velocity was poorly estimated. These points, called error point in the 
present study, could be of a small proportion of the profile (5 out of 35 sampling points in a profile), 
or could be half of the points in a profile. The number and location of these error points may change 
when the position of measurement changed, transversely or vertically, and hence could not be 
predicted. However, for a fixed location, the presence of the error points was consistent. Thus a test 
location must be experimented first to know the error points in a profile and exclude them in 
subsequent analysis and discussion. Overall, the performance of the new flexible-head side-looking 
mounted Profiler was very similar to that of a fixed-probe down-looking mounted Profiler, as 
documented in LENG and CHANSON (2017b). The configuration of the new Profiler (“Profiler 2”) 
was mostly the same as the firstly introduced Profiler (“Profiler 1”), despite the side-looking 
mounting fashion. In doing so, the transverse velocity profile could be sampled, although with in an 
adversely intrusive way. In order to hold the flexible-head, a steel rod has to be intruded into the 
water, with a grabber to hold the probe head. The radius of the probe and the radius of the grabber 
were both non-negligible, and created a large wake region downstream of the probe. The wake 
region does not seem to affect the velocity output of Profiler 2 based upon the results summarised in 
this Appendix. However, at higher vertical elevations, the intrusive rod could be visually shaking 
due to vortex shedding in the wake region, which had some adverse effect on the velocity and cross-
correlations of the velocity data. 
In summary, the use of a Vectrino II Profiler may be appropriate in experiments with highly 
turbulent open channel flows, but only with careful validations and quality controls on the output 
data. 
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APPENDIX B. EXPERIMENTAL STUDIES OF INSTRUMENT 
INTERACTIONS BETWEEN TWO VECTRINO II PROFILERS 
B.1 PRESENTATION 
Past experimental studies using acoustic Doppler velocimeters (SIMON and CHANSON 2013, 
LENG and CHANSON 2016b) have documented interferences between two instruments when 
sampled at close distance and at the same time. In the studies of LENG and CHANSON (2016b) 
where a NortekTM Vectrino+ acoustic Doppler velocimeter (ADV) and an acoustic Doppler 
profiling velocimeter (Profiler) were used simultaneously, the two instruments demonstrated strong 
interactions when placed close to each other. In the present study, some experiments were 
performed before any ensemble-averaged measurements to study quantitatively the interactions 
between two Profilers while sampling at the same time. These experiments aimed to find an 
appropriate setup for the instruments, which would still be close enough, and at the same time 
minimise the instrument interactions and ensure good quality data. 
Three setups were experimented, and the scaled sketches are shown in Figure B-1. Two Profilers 
were used in the present study, one with a down-looking fixed probe (Hardware ID VNO 1366, 
firmware ID 1950), and the other one with a side-looking flexible probe (Hardware ID VNO 1436, 
firmware ID 1950). The two Profilers were called respectively Profiler 1 and 2. Profiler 1 was 
previously used in the study of LENG and CHANSON (2017a,b). Steady flow experiments were 
performed for each setup with the same flow condition: Q = 0.101 m3/s, So = 0, Fro = 0.63, d1 = 
0.175 m, including the mean velocity V1. The two Profilers were sampled independently first, and 
then sampled simultaneously for each experimental setup. The flow conditions, setups and 
instrumentations were summarised in Table B-1. For all steady flow experiments, the instruments 
were sampled at 100 Hz for 90 seconds continuously and the results were time-averaged. Figure B-
2 shows the configurations of the two Profilers in the present study. 
The output data were post-processed by the MATLAB program VTMT version 1.1, designed and 
written by Jan BECKER from Federal Waterways Engineering and Research Institute (BAW), 
Karlsruhe (BECKER 2014). In steady flows, the post-processing of ADV Vectrino II Profiler data 
included the removal of data with average correlation values less than 60% and average signal to 
noise ratio less than 5 dB. In addition, the phase-space thresholding technique developed by 
GORING and NIKORA (2002) was applied to removal spurious points in the data set. 
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Table B-1 – Experimental flow conditions and setups tested for instrument interactions. 
 
Date So Q (m3/s) d1 (m) Fro Reo z/d1 y/B Remarks Instruments 
8/2/16 0 0.101 0.175 0.629 573,238 0.01-0.21 0.54-0.58 Setup 1 Profiler 1&2 
8/2/16 0 0.101 0.175 0.629 573,238 0.01-0.21 0.20-0.25 Setup 2 Profiler 1&2 
8/2/16 0 0.101 0.175 0.629 573,238 0.01-0.21 0.77-0.82 Setup 3 Profiler 1&2 
 
 
(A) Setup 1, view from upstream (vertical scale distorted) 
 
(B) Setup 1, view in elevation 
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(C) Setup 2, view in elevation 
 
(D) Setup 3, view in elevation 
Fig. B-1 – Dimensioned sketches of the three ADV configuration setups to study the interactions 
between the two Profilers. 
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(A) Configuration for Profiler 1 
 
(B) Configuration for Profiler 2 
Fig. B-2 – Configuration settings for the two Profilers in the studies of interactions between 
instruments. 
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B.2 RESULTS 
For setup 1, the time-averaged steady flow statistics measured by the two Profilers, alone and 
together, were compared. All results were normalised using the initial cross-sectional averaged 
velocity V1 of their respective runs. Figure B-3 shows comparisons of time-averaged velocity 
profiles (Fig. B-3A), signal correlation and signal-to-noise ratio (SNR) (Fig. B-3B), measured by 
the two Profilers when sampled alone respectively and when sampled together simultaneously. Both 
Profilers showed slightly different velocity profiles when sampled together, compared to the results 
with one Profiler only. Profiler 1 tended to overestimate the time-averaged longitudinal velocity 
when sampled with Profiler 2, whereas Profiler 2 tended to underestimate Vx. The velocity 
fluctuations of the two instruments, described in terms of the standard deviation, showed no marked 
difference, when sampled alone or together for this setup. The signal correlation showed no marked 
difference, sampled alone or together for this setup, measured by Profiler 1 or Profiler 2. However, 
the signal-to-noise ratio (SNR) showed overall higher values for both Profilers when sampled 
together, compared to the results when sampled alone respectively. The results overall indicated 
that there existed some interactions between the two instruments, although within this setup, the 
effects of the interactions on the time-averaged velocity data were not obvious. 
Figure B-4 compares time-averaged steady flow velocity characteristics among different setups 
sampled by Profiler 1 together with Profiler 2 (the first 6 curves). The results were compared to the 
profile measured by Profiler 1 alone in setup 1 (curve 7 and 8, red solid squares) and past results of 
Profiler 1 alone by LENG and CHANSON (2017b) (curve 9). Significant differences were 
highlighted between the results of setup 1 and results of setups 2 and 3. Namely, the later 2 setups 
underestimated the time-averaged longitudinal velocity by 10% to 20%, while overestimated the 
velocity fluctuations by 50% to 100% throughout the sampling profile. The shapes of the 
longitudinal velocity profile were also not consistent for different setups. Setup 2 was associated 
with a clear boundary layer of similar shape and thickness as compared to setup 1, despite a 10% 
underestimation of the longitudinal velocity at all locations. Although the profile of setup 3 also 
highlighted a boundary layer, it had no resemblance in terms of shape and boundary layer thickness 
to the other setups. It showed some error points at the top of the profile. Overall, the results of setup 
1 were very close to previous experimental data of Profiler 1, which had been well validated by the 
ADV results. The sampled-together data of Profiler 1 using setup 1 were also satisfactory. The other 
two setups were adversely affected by the instrument interactions and intrusions of the second 
Profiler, and thus the results were meaningless. 
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(A) Time-averaged velocity profile measured by Profiler 1(left) and 2 (right) 
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(B) Filtered correlation (COR) and Signal to Noise Ratio (SNR) of Profiler 1 (left) and 2 (right) 
Fig. B-3 – Time-averaged steady flow statistics measured by Profiler 1 alone, Profiler 2 alone, 
Profiler 1 and 2 simultaneously using setup 1; Flow condition: Q = 0.101 m3/s, So = 0, Fro = 0.63, d1 
= 0.175 m, z/d1 = 0.01 – 0.21 for Profiler 1 and 0.17 for Profiler 2. 
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Fig. B-4 – Time averaged profiles of longitudinal velocity and velocity fluctuations measured by 
Profiler 1 using setup 1, 2 and 3, sampled together with Profiler 2, as compared to sampled-alone 
results using setup 1 and past sampled-alone results by LENG and CHANSON (2017a); Flow 
condition: Q = 0.101 m3/s, So = 0, Fro = 0.63, d1 = 0.175 m, z/d1 = 0.01 – 0.21. 
 
Figure B-5 shows the time-averaged profiles of the longitudinal velocity and velocity fluctuations 
measure by Profiler 2 in different setups, alone and together with Profiler 1. The results were 
compared to past ADV data conducted across the current vertical elevations on the channel 
centreline. Among three setups, setup 1 was associated with results which were closest to the ADV 
data, and showed a most consistent profile across the transverse sampling range, sampled alone or 
together. The longitudinal velocity profile and velocity fluctuations changed very little when 
sampled together with the other Profiler, compared to single Profiler data, except for the end points. 
The setup 2 was associated with only a small portion of good quality data, from y/B = 0.225 to 
0.240, for a transverse profile covering y/B = 0.2 to 0.25. Setup 3 showed satisfactory data quality, 
with 20% of the data points associated with large errors, which mainly located at the left end of the 
profile. The Profiler 2 data showed large differences between setups. However for a fixed setup, the 
effect of the instrument interactions was not predominant. For all setups, the data of Profiler 2 
showed little differences, sampled with another Profiler or not. This was different from the 
behaviour of Profiler 1, where instrument interactions seemed to play a more predominant role in 
the data quality, especially for setup 2 and 3. This could be the effect of wake created by the 
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intrusion of Profiler 2 impacting on the sampling profile of Profiler 1. Further steady flow 
experiments were conducted at higher vertical elevations, and the results were consistent with 
observations at the lowest vertical elevation. 
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Fig. B-5 – Time averaged profiles of longitudinal velocity and velocity fluctuations measured by 
Profiler 2, from top to bottom using setup 1, 2 and 3, as compared to ADV results (LENG and 
CHANSON 2016a, point measurements at y/B = 0.5, z/d1 = 0.15 and 0.20); Flow condition: Q = 
0.101 m3/s, So = 0, Fro = 0.63, d1 = 0.175 m, z/d1 = 0.17. 
 
A-19 
B.3 CONCLUSIONS 
The interactions between two Profilers when sampled in a close distance simultaneously were 
studied as part of the quality control process for experiments using an array of two Profilers. Three 
instrumental setups were experimented, and steady flow measurements were conducted for each 
setup, with two Profilers sampled alone and at the same time. Overall, all results suggested that 
setup 1 was associated with best data quality for both Profilers 1 and 2. With setup 2, neither 
Profiler 1 nor 2 performed correctly, with a large proportion of error points within a profile. With 
setup 3, Profiler 2 performed correctly. However Profiler 1 was in the wake of the intrusion of the 
other Profiler’s head, resulting in very different velocity profiles compared to past experiments. 
In summary, setup 1 was selected as the appropriate setup to conduct systematic experiments using 
an array of the two Profilers sampling at the same time. The longitudinal and transverse separation 
could be further adjusted to suit the need of the study, while keeping interactions sufficiently low. 
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APPENDIX C. TURBULENT TIME AND LENGTH SCALES: A 
DISCUSSION 
C.1 PRESENTATION 
The turbulent time scale is the characteristic time scale at which the turbulence dissipates. It is also 
referred to as the “life span” of a large vortical structure detected in a turbulent flow (HINZE 1975, 
CHANSON 2014). The turbulent length scale on the other hand represents the characteristic size of 
a large vortical structure (FAVRE 1965, HINZE 1975, CHANSON 2014). Both scales can be 
calculated by cross-correlating two velocity signals measured at a certain distance, separated in the 
longitudinal, transverse or vertical flow directions. Previous studies on the analysis of turbulent 
time and length scales of an unsteady turbulent flow affected by the propagation of tidal bores were 
conducted by SIMON and CHANSON (2013), REUNGOAT et al. (2014,2015), CHANSON and 
TOI (2015), LENG and CHANSON (2017a). The instrumentations used in the previous studies 
involved Vectrino+ acoustic Doppler velocimeterw (ADVs) and a Vectrino II acoustic profiling 
velocimeter (Profiler). In the present study, two Profilers, one down-looking and the other one side-
looking mounted, were used. The down-looking Profiler, also used in the study of LENG and 
CHANSON (2017a), measured 35 points simultaneously in a sampling profile, with a size of 1 mm 
for each sampling point. This enabled cross-correlation functions to be calculated between one 
reference point (usually the first point of a sampling profile) and all the other 34 points, with 
vertical separations ranged from 1 mm to 34 mm. Hence the turbulent time and length scales can be 
calculated for the vertical dimension of a characteristic turbulent eddy. Using a side-looking 
mounted Profiler, similar properties can be calculated for the transverse dimension of a 
characteristic eddy. The formulae of calculating the two scales were listed in Chapter 6, Equations 
6.3 to 6.8. The present Appendix aims to document a more complete scope of the results, and 
discuss the problems and issues in using the Profiler or an array of Profilers in analysing the 
turbulent time and length scales of an unsteady turbulent flow. 
 
C.2 DISCUSSION: SINGLE PROFILER MEASUREMENTS 
Past studies using two Vectrino+ ADVs or an ADV with a Vectrino II Profiler suggested some 
inevitable instrument interaction, when sampled at close range (SIMON and CHANSON 2013, 
LENG and CHANSON 2017a). Single Profiler measurements are essential to provide a reference 
dataset, which had been checked previously against well-validated instruments like ADVs. Table C-
1 summarises the flow conditions of the ensemble-averaged velocity measurements conducted 
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using a single side-looking mounted Profiler (3). The cross-correlation functions were calculated 
and the results at the lowest vertical elevation (z/d1 = 0.17) are presented in Chapter 6 in Figures 6-4 
and 6-6. 
At higher vertical elevations, the cross-correlation functions highlighted periodic oscillations at all 
transverse separations and for all velocity components throughout the bore propagation process 
(steady, rapidly-varied and early flood tide flow phases). Figure C-1 illustrates typical results. As 
highlighted by Figures C-1 and C-2, the frequency at which the functions oscillated equalled to 10 
Hz, constant during different flow phases and at both higher vertical elevations (z/d1 = 0.26 and 
0.34). This suggested that the oscillations could be a result of the vortex shedding behind the 
intruding rod which held the Profiler flexible head. 
When real fluid flow passes a circular cylinder, separation occurs near 80° from the front stagnation 
point for large Reynolds number ranging from 102 to 105. The formation and shedding of vortices 
alternating from one side to another would cause the cylinder to vibrate at a regular frequency 
ωshedding, which satisfies: 
 shedding
o
2 RSt ~ 0.2V
    102 < Re < 105  (C.1) 
where R is the radius of the circular cylinder, Vo is the incoming longitudinal velocity of the 
uniform flow, and St is a dimensionless number called the Strouhal number. 
In the present study, the Reynolds number was of the order of magnitude of 105. Based upon the 
radius of the intruding rod and the spatially-averaged velocity, the Strouhal number was calculated 
to be ~ 0.18, which was close to the above value of 0.2 for vortex shedding behind a circular 
cylinder. The frequency ωshedding substituted into the equation was taken as the regular frequency 
observed in the cross-correlation functions, which was 10 Hz. Since the frequency of oscillation of 
the rod was hard to measure accurately, it was assumed that this frequency was close or equal to the 
frequency appearing in the cross-correlation functions. Visually during the experiments, the 
oscillations of the rod were observed when placed at higher vertical elevations in the flow, due to 
higher longitudinal velocity at higher vertical elevations. At the lowest elevation, oscillation was 
not visible. Both the data and visual observations suggested the periodicity in the cross-correlation 
functions were results of the vortex shedding behind the rod which held the Profiler head. 
Despite the periodic behaviour of the cross-correlation functions, the shapes of the functions were 
similar to those of the data at the lowest vertical elevations. By filtering out the regular periodicity 
using a low-pass filter of 2 Hz, the functions were comparable to those calculated at a lower 
elevation at the same transverse separation (Fig. C-2). 
                                                 
3 referred to as “Profiler 2” in the following text. 
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Table C-1 – Experimental flow conditions of ensemble-averaged single Profiler measurements. 
 
Date So Q  
(m3/s) 
d1  
(m) 
h 
(m) 
z/d1 of  
Profiler 2 
y/B of 
Profiler 2 
U 
(m/s) 
Fr1 Bore type 
12/5/16 
13/5/16 
18/5/16 
0 
0 
0 
0.101 
0.101 
0.101 
0.175 
0.176 
0.177 
0 
0 
0 
0.17 
0.26 
0.34 
0.46 - 0.51 
0.46 - 0.51 
0.46 - 0.51 
1.08 
1.17 
1.08 
1.47 
1.55 
1.45 
Breaking 
Breaking 
Breaking 
 
 (s)
R y
y,x
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
-0.06
-0.03
0
0.03
0.06
0.09
0.12
0.15
0.18
0.21
y = 0
y = 5mm
y = 10mm
y = 15mm
y = 20mm
y = 25mm
y = 30mm
y = 34mm
 (s)
R y
y,x
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
 
(A) Steady flow (B) Rapidly-varied flow 
 (s)
R y
y,x
-4 -2 0 2 4 6 8 10
-0.75
-0.5
-0.25
0
0.25
0.5
0.75
1
1.25
 
(C) Early flood tide 
Fig. C-1 – Cross-correlation functions of the longitudinal velocity component measured at a number 
of transverse separations by a single side-looking mounted Profiler during the steady (A), rapidly-
varied (B) and early flood tide (C) phases of a bore propagation; flow conditions: Q = 0.101 m3/s, 
d1 = 0.176 m, Fr1 = 1.55, z/d1 = 0.26. 
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 (s)
R y
y,x
-0.5 0 0.5 1 1.5 2
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
z/d1 = 0.26z/d1 = 0.26, low-pass filtered (2 Hz)z/d1 = 0.17
 
(A) Rapidly-varied flow phase 
 (s)
R y
y,x
-9.99 -7.99 -5.99 -3.99 -1.99 0.01 2.01 4.01 6.01 8.01 9.99
-0.2
0
0.2
0.4
0.6
0.8
z/d1 = 0.26z/d1 = 0.26, low-pass filtered (2 Hz)z/d1 = 0.17
 
(B) Early flood tide phase 
Fig. C-2 – Cross-correlation functions of the longitudinal velocity component measured at a fixed 
transverse separation distance by a single side-looking mounted Profiler: comparison between 
original and low-pass filtered data and data at a lower vertical elevation, during rapidly-varied (A) 
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and early flood tide (B) phases of a bore propagation. 
 
C.3 DISCUSSION: MEASUREMENTS USING AN ARRAY OF TWO PROFILERS 
Ensemble-averaged velocity measurements were performed using an array of two Profilers, 
mounted according to the setup illustrated in Chapter 2, Figure 2-1. During the initially steady flow, 
as Profiler 2 was mounted slightly upstream of Profiler 2, the wakes generated by the intruding head 
of Profiler 2 and the rod that held the Profiler were affecting the signal of Profiler 1. Cross-
correlation functions were calculated from the velocity data collected by both Profilers, and Figure 
C-3 shows some typical results for the steady flow phase. Specifically, the cross-correlation 
functions calculated from Profiler 1 data at all vertical separations showed regular periodic spikes at 
a constant frequency of 10 Hz. The cross-correlation of the velocity signals measured by Profiler 2 
at zero transverse separation (essentially an auto-correlation of signals at a single point) also 
showed periodic oscillations. The frequency of the occurrence of oscillation was 10 Hz. Using 
Equation (C.1), the Strouhal number was calculated to be 0.18 assuming a shedding frequency of 10 
Hz, which was very close to 0.2. Hence the oscillation spikes were believed to be a result of the 
sampling volume Profiler 1 being in the wake region of Profiler 2 probe, and thus was affected by 
the vortex motions within the wake. After the bore passage, i.e. during the rapidly-varied flow and 
early flood tide phases, these spikes disappeared for both Profilers, as the flow reversed and the 
sampling volume of Profiler 1 was no longer in the wake of Profiler 2. 
Tables C-2 and C-3 summarise the turbulent time and scales for the entire dataset, sampled by 
Profiler 2 alone and by the Profiler array of 1 and 2. Overall, the results showed a common 
turbulent length scale of 10-3 m and a common time scale of 10-2 s during the steady flow phase for 
all velocity components and flow conditions, in the transverse and vertical directions. During the 
rapidly varied flow phase, all velocity components were associated with increases in time and 
length scales for most of the flow conditions. The time scales were highest during the early flood 
tide phase, for all velocity components and most flow conditions, with an order of magnitude of 10-1 
s. For the same flow condition, the array measurements showed little difference compared to the 
single Profiler measurements. The present study showed that the propagation of tidal bore in an 
experimental open channel was an anisotropic process, with the transverse length scales being 
higher throughout all flow phases compared to the longitudinal and vertical length scales. The 
finding was different from previous results by LENG and CHANSON (2017a), which documented 
larger length and time scales in the longitudinal direction. Nevertheless, the time and length scale 
data for both series of experiments in the present study (single and array) agreed well with past 
study of LENG and CHANSON (2017a) quantitatively and qualitatively. Chapter 6 presents a 
detailed discussion of present dataset, with comparison to previous experimental findings of 
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SIMON and CHANSON (2013). 
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Fig. C-3 – Cross-correlation functions of the longitudinal velocity component measured by an array 
of two Profilers – Profiler 1 (top) and 2 (bottom), during the initially steady flow; flow conditions: 
Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.01-0.20, y/B = 0.46-0.51. 
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Table C-2 – Turbulent time and length scales of single Profiler 2 measurements. 
 
     steady RVF early flood tide steady RVF early flood tide steady RVF early flood tide 
Reference Q 
(m3/s) 
d1 
(m) 
z/d1 Fr1 Lyy,x 
(m) 
Tyy,x 
(s) 
Lyy,x 
(m) 
Tyy,x 
(s) 
Lyy,x 
(m) 
Tyy,x 
(s) 
Lyy,y 
(m) 
Tyy,y 
(s) 
Lyy,y 
(m) 
Tyy,y 
(s) 
Lyy,y 
(m) 
Tyy,y 
(s) 
Lyy,z 
(m) 
Tyy,z 
(s) 
Lyy,z 
(m) 
Tyy,z 
(s) 
Lyy,z 
(m) 
Tyy,z 
(s) 
1a 0.101 0.175 0.17 1.474 0.005 0.041 0.006 0.024 0.012 0.223 0.012 0.020 0.011 0.030 0.023 0.446 0.003 0.012 0.005 0.019 0.006 0.088 
1b 0.101 0.176 0.26 1.547 0.006 0.044 0.010 0.069 0.017 0.106 0.014 0.017 0.017 0.129 0.024 0.475 0.003 0.005 0.005 0.027 0.007 0.097 
1c 0.101 0.177 0.34 1.450 0.005 0.034 0.009 0.061 0.014 0.163 0.014 0.017 0.017 0.124 0.023 0.447 0.004 0.013 0.005 0.026 0.006 0.057 
 
Table C-3 – Turbulent time and length scales of Profiler array measurements. 
 
       steady  RVF  early flood tide steady  RVF  early flood tide steady  RVF  early flood tide 
Profiler Reference Q 
(m3/s) 
d1 
(m) 
z/d1 y/B Fr1 Lzz,x 
(m) 
Tzz,x 
(s) 
Lzz,x 
(m) 
Tzz,x 
(s) 
Lzz,x 
(m) 
Tzz,x 
(s) 
Lzz,y 
(m) 
Tzz,y 
(s) 
Lzz,y 
(m) 
Tzz,y 
(s) 
Lzz,y 
(m) 
Tzz,y 
(s) 
Lzz,z 
(m) 
Tzz,z 
(s) 
Lzz,z 
(m) 
Tzz,z 
(s) 
Lzz,z 
(m) 
Tzz,z 
(s) 
1 2a 0.101 0.174 0.01-0.20 0.46-0.51 1.52 0.005 0.064 0.008 0.047 0.010 0.203 0.006 0.015 0.006 0.026 0.011 0.276 0.008 0.035 0.011 0.058 0.017 0.326 
 2b 0.101 0.176 0.09-0.28 0.46-0.51 1.50 0.004 0.036 0.005 0.014 0.011 0.209 0.006 0.009 0.007 0.029 0.009 0.139 0.008 0.050 0.008 0.033 0.018 0.261 
 2c 0.101 0.176 0.23-0.43 0.46-0.51 1.55 0.003 0.037 0.006 0.030 0.010 0.205 0.005 0.005 0.004 0.010 0.009 0.170 0.006 0.038 0.007 0.023 0.014 0.230 
 
Profiler Reference Lyy,x 
(m) 
Tyy,x 
(s) 
Lyy,x 
(m) 
Tyy,x 
(s) 
Lyy,x 
(m) 
Tyy,x 
(s) 
Lyy,y 
(m) 
Tyy,y 
(s) 
Lyy,y 
(m) 
Tyy,y 
(s) 
Lyy,y 
(m) 
Tyy,y 
(s) 
Lyy,z 
(m) 
Tyy,z 
(s) 
Lyy,z 
(m) 
Tyy,z 
(s) 
Lyy,z 
(m) 
Tyy,z 
(s) 
2 2a 0.004 0.026 0.008 0.047 0.011 0.249 0.009 0.017 0.012 0.078 0.023 0.448 0.005 0.006 0.005 0.027 0.007 0.108 
 2b 0.003 0.047 0.006 0.031 0.012 0.243 0.008 0.026 0.011 0.054 0.020 0.292 0.008 0.003 0.005 0.009 0.006 0.075 
 2c 0.002 0.017 0.006 0.038 0.009 0.159 0.006 0.011 0.013 0.059 0.023 0.423 0.007 0.003 0.004 0.015 0.006 0.099 
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APPENDIX D. TWO-DIMENSIONAL SPACE-TIME CORRELATIONS IN 
UNSTEADY BORE-AFFECTED FLOWS (INCLUDING A DIGITAL 
APPENDIX) 
D.1 PRESENTATION 
Cross-correlation functions Ryz,i, where i denotes the velocity component: i = x,y,z, may be 
calculated between the velocity signals of the two Profilers to examine the turbulent scales in the 
plane formed by the two sampling volumes of the two Profilers which were arranged perpendicular 
to each other. The calculation was carried out by cross-correlating the instantaneous velocity 
fluctuations vi between signals of the two Profilers measured simultaneously. As the ensemble-
averaged experiments were repeated 25 times, the velocity fluctuation vi can be calculated 
as i i iv = V - V , where Vi and iV  are respectively the instantaneous and ensemble-averaged velocity 
of component i over the 25 repeats. Figure D-1 shows a brief description of how the calculations 
were performed between signals of the two sampling volume. Namely, for each point (y1n, z1n) in 
the sampling profile of Profiler 1 with n ranging from 1 to 35, the velocity fluctuation data vi were 
cross-correlated between (y1n, z1n) and a point (y2n, z2n) in the sampling profile of Profiler 2 using: 
 1 1 2 2n n n n
1 1 2 2n n n n
(y ,z ),i (y ,z ),i
yz,i 2 2
(y ,z ),i (y ,z ),i
v (t) v (t )R ( )
v v
 

  (D.1) 
where each over bar denotes an ensemble-average process. 
 
 
Fig. D-1 – Cross-correlation calculation between the two sampling profiles of Profiler 1 and 2: a 
graphic description. 
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Table D-1 – Ensemble-averaged experimental flow conditions of the sampling profiles measured by 
an array of two Profilers. 
 
Reference So Q  
(m3/s) 
d1  
(m) 
h 
(m) 
z/d1  
  
y/B 
  
Fr1 
1a 0 0.101 0.174 0 0.01 - 0.20 0.46 - 0.51 1.52 
1b 0 0.101 0.176 0 0.09 - 0.28 0.46 - 0.51 1.5 
1c 0 0.101 0.176 0 0.23 - 0.43 0.46 - 0.51 1.55 
 
This appendix and its digital companion provide a complete set of results of the two-dimensional 
(2D) space-time correlations calculated from the Profiler array measurements. The results were in 
terms of Comma Separated Values (CSV) files, including the maximum cross-correlation Rmax 
calculated for velocity data, the associated optimum time lag Ti, and the integral time Tin. All files 
with endings “Tin” consist of integral time Tin data, and other files contain maximum cross-
correlation Rmax and the associated optimum time lag Ti in the same file. For files consisting of Rmax 
and Ti data, the name of the file is composed as such: 
Ryz,i_flow phase_z_min=?m.csv 
where Ryz,i states the cross-correlation calculation was carried out in the 2D y-z plane for velocity 
component i (i = x,y,z). The flow phase stands for the three flow phases during tidal bore 
propagation, which can be “steady” (steady flow phase), “RVF” (rapidly-varied flow phase) and 
“EFT” (early flood tide phase). The definition sketch of these three flow phases is shown in Figure 
D-2. The vertical elevation range at which the data were collected was indicated by “z_min=?m”, 
denoting the minimum vertical elevation z within the range. In the present study, measurements 
were conducted at three vertical elevation ranges, being z = 0.001-0.035m, 0.016-0.050 m, and 
0.041-0.075 m. Hence z_min=0.001m, 0.016m and 0.041m, respectively. Only one transverse range 
y = 0.322 m to 0.357 m were experimented in the present study. Although not highlighted in the file 
names, all data were in fact collected within this transverse range. An example of the file name is: 
Ryz,x_steady_z_min=0.001m.csv 
The naming of the Tin files follows the same convention, with endings “Tin” classifying the 
information contained in these files. 
An example of the data format in the csv files is provided in Table D-2. As for Table D-2A, the first 
two columns stand for the real y and z coordinates (in meters) of the point at which the velocity 
signals were cross-correlated. Note that y is the distance from the channel right sidewall and z is the 
distance measured from the channel bed. The third column highlights the optimum time lag Ti in 
terms of number of samples, and could be converted back in to time (in seconds) by:  
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Ti (seconds) = Ti (number of samples)/f. 
where f is the sampling frequency and f = 100 Hz in the present study. The forth column consists of 
the normalised maximum cross-correlation coefficient Rmax, which is dimensionless. 
For Table D-2B, the first and second columns are the same as in Table D-1A. The third column 
consists of the integral time Tin in seconds. 
Table D-1 summarises the experimental flow conditions of the data contained in this appendix. 
 
 
Fig. D-2 – Definition sketch of different flow phases during the propagation of tidal bores. 
 
D.2 DIGITAL APPENDIX FILES 
A series of digital files are deposited with the digital record of the publication at the institutional 
open access repository of the University of Queensland: {http://espace.library.uq.edu.au/}. They are 
listed as part of the technical report deposit at {http://espace.library.uq.edu.au/list/author_id/193/}. 
Some example of the data file is detailed in Table D-2. The digital appendix may be obtained at 
request by contacting Prof. Hubert CHANSON {h.chanson@uq.edu.au}, who would provide the 
files as a single compressed file, prepared with 7-zip. The software 7-zip is an open source software 
which may be freely downloaded from {www.7-zip.org}. 
All the files are Copyrights Xinqian LENG and Hubert CHANSON 2018. Any use of the files 
available in the digital appendix must acknowledge and cite the present report: 
LENG, X., and CHANSON, H. (2018). "Simultaneous Velocity Profiling in Unsteady Turbulent 
Flows Using an Array of Two Vectrino Profilers." Hydraulic Model Report No. CH106/17, 
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School of Civil Engineering, The University of Queensland, Brisbane, Australia, 134 pages 
(ISBN 978-1-74272-183-5). 
 
Table D-2 – Sample data format of csv files 
y (m) z (m) Ti Rmax 
0.322 0.035 -11 0.055757 
0.323 0.035 -12 0.04176 
0.324 0.035 -8 0.053412 
0.325 0.035 -9 0.060107 
0.326 0.035 -9 0.062702 
0.327 0.035 -9 0.062926 
0.328 0.035 -9 0.073876 
0.329 0.035 -9 0.076308 
(A) Rmax and Ti  
y (m) z (m) Tin (s) 
0.322 0.035 0.009333 
0.323 0.035 0.008758 
0.324 0.035 0.006944 
0.325 0.035 0.008103 
0.326 0.035 0.011564 
0.327 0.035 0.011301 
0.328 0.035 0.007402 
0.329 0.035 0.013215 
(B) Tin 
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APPENDIX E. ENSEMBLE-AVERAGED VELOCITY GRADIENT IN 
UNSTEADY BORE-AFFECTED FLOWS (INCLUDING A DIGITAL 
APPENDIX) 
E.1 PRESENTATION 
Studies of direct numerical simulations in incompressible, homogeneous and inhomogeneous 
turbulence indicate that, in regions of high kinetic energy dissipation rate, the geometry of the local 
velocity gradient field has a universal character (CANTWELL 1993). To further develop the 
understanding of the precise structure and dynamic inhomogeneous turbulence in a spatially and 
temporally varying turbulent flow, important characteristics such as the instantaneous velocity 
gradient tensor need to be derived (McKEON et al. 2007). The nine simultaneous components of 
the velocity gradient tensor field at a point in space (x, y, z) at a time t can be expressed as: 
 
x x x
i
y y y
j
z z z
V / x V / y V / zV V / x V / y V / zx V / x V / y V / z
                       
  (E.1) 
where Vx is the instantaneous longitudinal velocity component, Vy is the instantaneous transverse 
velocity component and Vz is the instantaneous vertical velocity component; i and j denote the x, y 
and z coordinate directions. In the present study, the velocity gradient tensor ∂Vy/∂z and ∂Vz/∂y and 
its ensemble-averaged time-variations were derived from the Profiler 1 and 2 measurements, as the 
two tensors were directly linked to the vorticity and strain rate of the fluid. Table E-1 summarises 
the experimental flow conditions of the data contained in this appendix. 
 
Table E-1 – Ensemble-averaged experimental flow conditions of the sampling profiles measured by 
an array of two Profilers. 
 
Reference So Q  
(m3/s) 
d1  
(m) 
h 
(m) 
z/d1  
  
y/B 
  
Fr1 
1a 0 0.101 0.174 0 0.01 - 0.20 0.46 - 0.51 1.52 
1b 0 0.101 0.176 0 0.09 - 0.28 0.46 - 0.51 1.5 
1c 0 0.101 0.176 0 0.23 - 0.43 0.46 - 0.51 1.55 
 
This appendix and its digital companion provide a complete set of results of the ensemble-averaged 
velocity gradient data and the associated fluctuations calculated from the Profiler array 
measurements. In the present appendix, the velocity gradient tensor ∂Vy/∂z and ∂Vz/∂y and the 
associated fluctuations were analysed and presented. The results were in terms of dplot grf files. 
The velocity gradient files were named using the naming convention: 
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dVidj_z_min=?m.grf 
where “dVidj” indicates the velocity gradient tensor ∂Vi/∂j, with i and j = y and z; z_min stands for 
the minimum vertical elevation z within the range where the data were collected. The velocity 
measurements were performed at three ranges of vertical elevations, being z = = 0.001-0.035m, 
0.016-0.050 m, and 0.041-0.075 m. Hence z_min would be 0.001m, 0.016m and 0.041m for each 
tested range. Note that for all vertical elevations, only one transverse range y = 0.322 m to 0.357 m 
was tested. Herein all data were calculated from measurements performed within this transverse 
range. The corresponding velocity fluctuation data were named using the same convention, with 
“fluc” in the files names. Examples of the velocity gradient tensor files and fluctuation files are: 
dVydz_z_min=0.001m.grf 
dVydz_fluc_z_min=0.001m.grf 
Figure E-1 presents an example of the data. 
 
E.2 DIGITAL APPENDIX FILES 
A series of digital files are deposited with the digital record of the publication at the institutional 
open access repository of the University of Queensland: {http://espace.library.uq.edu.au/}. They are 
listed as part of the technical report deposit at {http://espace.library.uq.edu.au/list/author_id/193/}. 
Some example of the data file is detailed in section E.1. The files were prepared with the software 
DPlot {http://www.dplot.com/} and they may be viewed with DPlot Viewer 
{http://www.dplot.com/other.htm#viewer}, a free scaled-down version of DPlot. The digital 
appendix may be obtained at request by contacting Prof. Hubert CHANSON 
{h.chanson@uq.edu.au}, who would provide the files as a single compressed file, prepared with 7-
zip. The software 7-zip is an open source software which may be freely downloaded from {www.7-
zip.org}. 
All the files are Copyrights Xinqian LENG and Hubert CHANSON 2018. Any use of the files 
available in the digital appendix must acknowledge and cite the present report: 
LENG, X., and CHANSON, H. (2018). "Simultaneous Velocity Profiling in Unsteady Turbulent 
Flows Using an Array of Two Vectrino Profilers." Hydraulic Model Report No. CH106/17, 
School of Civil Engineering, The University of Queensland, Brisbane, Australia, 134 pages 
(ISBN 978-1-74272-183-5). 
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(A) Velocity gradient tensor ∂Vy/∂z in s-1 
 
(B) Fluctuations of the velocity gradient tensor ∂Vy/∂z in s-1 
Fig. E-1 - Space-time contour of the ensemble-averaged velocity gradient and velocity gradient 
fluctuations of tensor component ∂Vy/∂z during the propagation of breaking bores; flow conditions: 
Q = 0.101 m3/s, d1 = 0.174 m, Fr1 = 1.52, z/d1 = 0.00-0.20, y/B = 0.46-0.51. 
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 APPENDIX F. TWO-DIMENSIONAL SPACE-TIME CORRELATIONS OF 
TANGENTIAL REYNOLDS STRESSES 
F.1 PRESENTATION 
The space-time cross-correlations of the instantaneous tangential Reynolds stress components vxvy, 
vxvz and vyvz were calculated and analysed in the present study. The calculation of the space-time 
cross-correlation of the tangential Reynolds stress components followed similar approach as 
described in Chapter 7. More specifically, cross-correlation functions Ryz,ij was calculated as: 
 
1 1 2 2
i j n n i j n n
yz,i 1 1 2 2 2 2
i j n n i j n n
v v (y , z , t) v v (y , z , t )R ( )
[v v (y , z )] [v v (y , z )]
 

  (F.1) 
where ij denotes the tangential Reynolds stress components: ij = xy, yz, xz. Each overbar represents 
an ensemble-averaging process. The calculation was carried out by cross-correlating the Reynolds 
stress signals vivj between two Profilers measured simultaneously at a pair of points in space (y1n, 
z1n) and a point (y2n, z2n). The superscript denotes the point belongs to the sampling profile of 
Profiler 1 or 2; the subscript denotes the number of that point out of the 35 points in a sampling 
profile. As the ensemble-averaged experiments were repeated 25 times, the velocity fluctuation vi 
was calculated as i i iv = V - V , where Vi and iV  are respectively the instantaneous and ensemble-
averaged velocity of component i over the 25 repeats. Figure F-1 shows a brief description of how 
the calculations were performed between signals of the two sampling volume. Namely, for each 
point (y1n, z1n) in the sampling profile of Profiler 1 with n ranging from 1 to 35, the Reynolds stress 
component signal vivj were cross-correlated between (y1n, z1n) and a point (y2n, z2n) in the sampling 
profile of Profiler 2 using Equation (7.1). 
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z
y
Profiler 1 
sampling profile
      (green)
Profiler 2
sampling profile
      (yellow)
(y ,z )
(y ,z )
1 1
2 2
1 1
1 1
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1 1 2 2
i j n n i j n n
yz,i 1 1 2 2 2 2
i j n n i j n n
v v (y ,z ,t)×v v (y ,z ,t+τ)R (τ)=
[v v (y ,z )] ×[v v (y ,z )]
 
Fig. F-1 – Cross-correlation calculation between the two sampling profiles of Profiler 1 and 2: a 
graphical description, looking downstream. 
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After ensemble-averaging over 25 runs, the maximum cross-correlation coefficients of the 
ensemble-median cross-correlation functions throughout the plane were drastically smaller 
compared to results from the velocity fluctuations. Out of the three tangential stress components, 
only the vyvz component exhibited distinctively marked peak in the cross-correlation functions, with 
a maximum about one order of magnitude lower than the results of the velocity components. The 
findings was deemed reasonable considering that the cross-correlation calculations were performed 
across the y-z plane, and hence the shear stress component vyvz would play a predominant role. 
Typical iso-correlation contours of the maximum cross-correlation coefficients calculated from the 
instantaneous stress component vyvz are presented in Figure F-2, for the highest range of vertical 
elevations within the experimental flow conditions. 
The iso-correlation contours of the stress component vyvz showed two crests in Rmax (highlighted by 
dashed circles), corresponding to the two positions where the centre of the coherent structures were 
observed in Figures 7-5B and 7-5C. The crests were associated with large values of Rmax, which 
could represent two peaks of localised shear stress. This could explain the shape of the iso-
correlation contours of the transverse and vertical velocity components, where the effect of 
localised tangential stress vyvz resulted in stretches of coherent structures in the respective 
transverse and vertical directions. The reason why only the stress component vyvz was significant in 
this case is yet unknown. It could be linked to the mounting of the instrumentation, which 
maximised accuracy and sensitivity in the transverse and vertical directions. The cause of the 
localised shear stress could also be a result of the intrusive nature of the two velocimeter probes. 
During the rapidly-varied flow phases as the bore propagated, the coherent structure highlighted by 
the iso-correlation contours became invisible, with a uniform increase in maximum correlation 
coefficients across the sample window (Fig. F-2B). The minimum Rmax during the rapidly-varied 
flow phase was around 0.02, which was two times of the minimum Rmax during the steady flow. 
Immediately after the bore passage, some localised large coefficients (Rmax > 0.072) were observed. 
However, these localised peaks in Rmax did not have regular shapes as the structure in Figure F-2A. 
Hence these structures could be a part of a large scale structure, the size of which is greater than the 
sampling window, or were individual small scale structures broken up from the bore propagation. 
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(A) Steady flow      (B) Rapidly-varied flow 
 
(C) Early flood tide 
Fig. F-2 – Contours of maximum cross-correlation coefficients Rmax calculated from the 
inatantaneous tangential Reynolds stress component vyvz sampled by the two Profilers during 
different flow phases; legend is the same for all graphs; flow conditions: Q = 0.101 m3/s, d1 = 0.176 
m, Fr1 = 1.52, z/d1 = 0.23-0.43, y/B = 0.46-0.51. 
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